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Foreword 


Contained  in  these  Proceedings  are  thirty  (30)  full-length  papers  that  were 
presented  at  the  First  International  Workshop  on  Crossed-Field  Devices,  which 
was  held  m  Ann  Arbor,  Michigan,  on  15  and  16  August  1995,  at  the  Crowne 
Plaza  Hotel.  This  Workshop,  superbly  organized  by  the  University  of  Michigan 
and  Science  Applications  International  Corporation,  was  sponsored  by  the  Naval 
Research  Laboratory  and  the  Naval  Surface  Warfare  Center/ Crane  Division.  The 
Workshop  brought  together  researchers,  manufacturers,  and  end-users  of 
crossed-field  devices  (primarily  magnetrons  and  crossed-field  amplifiers)  to 
discuss  problems  with,  applications  of,  and  opportimities  for  these  versatile  and 
widely  used  microwave  devices.  The  Workshop,  begirming  with  plenary  talks  of 
an  historical  nature  by  some  of  the  field's  pioneers,  progressed  through  technical 
sessions  on  applications,  supporting  technologies,  and  modeling,  and  concluded 
with  a  panel  discussion  of  future  prospects  and  technical  challenges. 

The  Workshop  was  attended  by  over  80  participants,  among  them  15 
students  from  six  universities.  There  was  significant  participation  from  the 
commercial  and  industrial  sectors,  as  well  as  from  U.S.  Government  laboratories 
and  agencies,  including  the  Air  Force  (Phillips  Lab),  Army  (Ft.  Monmouth, 
Adelphi),  Commerce  Department  (NTIA),  NASA  (Lewis),  and  Navy  (NRL, 
NSWC /Crane).  International  participation  was  significant  with  participants 
from  Japan,  Korea,  Russia,  United  Kingdom,  and  Sweden. 

Fourteen  papers  presented  at  the  Workshop  are  not  included  in  these 
Proceedings.  These  papers  were  primarily  in  the  defense,  commercial,  and 
industrial  applications  areas.  Among  them  were  papers  on  ultra  low-noise 
crossed-field  amplifier  design  and  development,  injection-locked  magnetron 
arrays,  radiolocation,  lighting  applications,  solid  oil  melting,  microwave  CVD 
diamond  deposition,  chemical  synthesis  and  waste  destruction,  as  well  as  general 
surveys  of  Russian  magnetron  work  and  of  industrial  applications  in  the  food, 
rubber,  and  foundry  industries. 

These  Proceedings  will  be  deposited  with  the  National  Technical 
Information  Services  so  that  future  citations  to  the  papers  contained  here  will  be 
recognized  by  archival  journals. 

It  is  our  hope  that  the  topic  will  continue  to  be  of  comparable  and  intense 
interest  in  the  future,  and  that  the  Second  International  Workshop  will  be,  if 
anything,  more  successful. 


Richard  H.  Abrams,  Jr. 
Naval  Research  Laboratory 
Washington,  DC 


i 


This  volume  contains  contributed  papers  from  the  First  International 
Workshop  on  Crossed-Field  Devices,  which  was  held  in  Ann  Arbor,  Michigan, 
on  August  15-16, 1995.  The  goal  of  the  Workshop,  the  first  of  its  kind,  was  to 
bring  together  people  from  industry,  government,  and  academia  to  review  the 
historical  development  of  magnetrons  and  crossed-field  amplifiers,  assess  the 
present  state  of  research,  development,  and  applications,  and  formulate  a 
working  vision  for  the  future.  The  Workshop  was  fundamentally  technical  in 
nature,  with  little  formal  discussion  of  business  or  management  matters. 

A  imique  and  well  received  feature  of  the  meeting  was  the  Plenary 
session,  at  which  some  of  the  industry's  pioneers  presented  their  personal 
perspectives  on  the  evolution  of  crossed-field  devices  from  the  early  days  during 
and  immediately  following  World  War  11  to  the  present.  Attendees  were 
reminded  of  the  critical  roles  that  crossed-field  devices  have  played  and  continue 
to  play  in  the  nation's  defense  as  well  as  in  expanding  commercial  markets.  They 
were  also  reminded  of  the  pressing  need  to  improve  our  products'  performance, 
since  competition  from  other  sources  is  strong  and  growing.  The  recent  partial 
displacement  of  CFA's  in  the  Aegis  SPY-1  and  in  Patriot  by  traveling  wave  tubes 
makes  this  point  very  vividly.  Nonetheless,  there  remain  numerous  applications 
in  which  crossed-field  devices  are  the  clear  choice.  Many  of  these  were  described 
in  the  technical  sessions  that  followed. 

The  four  technical  sessions,  on  Defense  Applications,  Commercial 
Applications,  Supporting  Technologies,  and  Simulation  and  Modeling,  were 
designed  to  give  the  audience  a  broad  exposure  to  the  present  state-of-the-art  in 
crossed-field  device  technology.  Highlights  included  reports  on  the  low  noise 
CFA  development  work  for  Aegis,  papers  on  the  applications  of  magnetrons  in 
the  materials  processing,  food  and  lighting  industries,  a  presentation  on  noise, 
interference,  and  spectrum  allocation  issues,  summaries  of  international  efforts, 
and  advances  in  basic  research. 

The  final  session  of  the  Workshop  was  a  Panel  Discussion  on  the  Future  of 
Crossed-Field  Devices  that  focused  on  formulating  challenges  for  the  commimity 
to  address  in  the  years  ahead. 

A  memorable  moment  during  the  Workshop  was  the  appearance  of 
University  of  Michigan  Emeritus  Professor  William  G.  Dow,  who  was  a  pioneer 
in  crossed-field  devices  and  was  to  celebrate  his  100th  birthday  in  September, 
1995.  He  was  warmly  greeted  by  his  colleagues,  several  of  whom  were  former 
students.  Professor  Dow's  graceful  appearance  added  a  special  sense  of  history 
and  continuity  to  the  meeting. 


On  a  more  somber  note,  all  attendees  were  saddened  by  the  passing  of 
Rodney  Vaughan  in  February,  1995  at  the  age  of  73.  Rodney  will  always  be 
remembered  not  only  for  his  technical  prowess  and  his  accomplishments,  but 
also  for  his  charm,  his  vigor,  his  eloquence,  and  his  integrity.  The  crossed-field 
community  is  made  much  poorer  by  his  loss.  The  session  on  simulation  and 
modeling  was  dedicated  to  his  memory. 

During  the  planning  for  the  Workshop  a  decision  was  made  to  publish 
these  Proceedings  to  serve  as  a  permanent  record  of  the  meeting.  Contributions 
would  be  voluntary,  but  it  was  hoped  that  the  speakers'  response  would  be 
adequate  to  allow  publication  of  a  substantial  fraction  of  the  Workshop's  content. 
In  fact,  our  hopes  and  expectations  were  greatly  exceeded.  Nearly  70%  of  the 
Workshop  presentations  are  represented  in  this  volume,  which  has  afforded  the 
speakers  the  opporhmity  to  provide  additional  details  in  a  permanent  form, 
expanding  upon  the  content  of  their  short  talk  or  poster  session.  With  so  few 
modem  books  available  on  crossed-field  microwave  devices,  it  is  our  hope  that 
these  Proceedings  will  be  actively  used  by  working  engineers  and  scientists  as 
well  as  by  students  now  and  in  the  future. 

Dr.  Richard  Abrams,  Jr.,  of  the  Naval  Research  Laboratory,  was  the 
original  force  behind  the  Workshop.  It  was  his  idea  to  expand  a  small,  routine 
meeting  on  a  specialized  topic  to  an  international  gathering  with  a  greatly 
expanded  scope.  The  enthusiasm  and  encouragement  of  Dr.  Robert  Parker  of 
NRL,  and  of  Mr.  Joe  Dutkowski  and  Mr.  Rex  Bond  of  NSWC/ Crane  are  also 
gratefully  acknowledged.  The  efforts  of  Professor  Chung  Chan  and,  especially, 
Mr.  Tom  Ruden,  in  soliciting  and  helping  to  organize  the  Technical  Sessions  have 
substantially  strengthened  the  program  and  are  greatly  appreciated.  Of  course, 
the  volimtary  cooperation  of  the  attendees  in  contributing  their  time  and  effort  to 
the  completion  of  their  manuscripts  for  this  volume  has  made  the  challenging 
task  of  assembling  these  Proceedings  that  much  easier. 

Though  relatively  small  in  size,  the  Workshop  itself,  as  well  as  the 
compilation  of  these  Proceedings,  required  the  cooperative  efforts  of  many.  A 
large  debt  is  owed  in  particular  to  the  efficient  and  effective  behind-the-scenes 
efforts  of  the  University  of  Michigan  support  staff,  Diana  Corey  (Workshop 
Secretary)  and  Ann  Bell,  and  graduate  students,  in  particular  John  Luginsland,  L. 
K.  Ang,  Peggy  Christenson,  Rami  Kishek,  and  Agust  Valfells. 

The  responses  and  comments  that  we  have  received  have  been  quite 
favorable  and  suggest  that  the  Workshop  met  its  goal  of  stimulating  interaction 
and  cooperation  in  the  crossed-field  community.  We  are  encouraged  to  hope 
that  the  Workshop  and  these  Proceedings  will  be  the  first  of  a  series. 


David  Chernin,  Science  Applications  International  Corporation,  McLean,  VA 
Y.  Y.  Lau,  University  of  Michigan,  Aim  Arbor,  MI 
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Abstract 

A  brief  review  will  be  given  of  the  history  of  the  origin  of  the  coaxial  magnetron  and  the 
forward  wave  crossed-field  amplifier.  Some  comments  will  be  made  on  the  foimding  of  S-F-D 
Laboratories  and  the  status  of  the  technology  at  that  time,  with  a  description  of  the  difficulties  in 
retrofitting  the  coaxial  magnetron  and  forward  wave  crossed-field  amplifier  into  operating 
systems.  These  comments  will  be  followed  by  a  description  of  the  present  market  size  for  coaxial 
magnetrons  and  crossed-field  amplifiers.  The  market  sizes  will  be  compared  to  other  microwave 
tube  oscillator  and  amplifier  markets.  The  paper  will  end  with  a  look  to  the  future  of  the 
technology  and  with  the  issuance  of  challenges  to  the  audience,  the  Government,  Universities, 
and  Industry  to  meet  the  future  needs  of  the  users  of  crossed-field  devices. 

I  would  like  to  recount  some  of  the  history  of  crossed-field  devices.  The  first  part  of  this  paper 
will  deal  with  some  history  as  I  experienced  it,  then  I’ll  make  a  few  comments  on  where  I  think 
we  are  now  in  our  history.  The  final  part  will  present  challenges  for  the  future.  Every  time  I  give 
a  talk  Lenne  Vanzant  requests  that  I  include  challenges.  Maybe  his  composition  or  English 
instructor  in  high  school  taught  him  that.  To  begin  with  let  me  state  that  I  have  no  drawings,  no 
circuit  diagrams,  and  am  assuming  that  the  reader  knows  what  a  coaxial  magnetron  and  crossed- 
field  amplifier  are,  and  how  they  work. 

The  stories  I  will  tell  about  crossed-field  devices  may  not  be  accurate  as  written  somewhere  in 
history  books  by  scholars.  My  story  is  that  of  a  soldier  giving  his  narrow  view  of  the  grand 
strategy  of  the  battle.  When  I  was  in  college  in  the  late  forties,  I  was  already  married,  and  my 
wife  helped  me  along  by  translating  and  teaching  Spanish.  I  was  making  my  living  as  a  tube 
assembler  and  furnace  operator.  One  day  she  came  home  with  a  book  by  a  soldier  in  Cortez’s 
army,  written  in  Spanish,  and  read  me  much  of  the  book.  The  book  was  by  Bernal  Diaz  de 
Costillo,  the  soldier.  His  lament  in  the  book  was  that  scholars  in  the  great  Spanish  universities 
were  writing  the  history  of  the  conquest  of  Mexico,  and  that  none  of  them  had  talked  to  him.  So 
he  wrote  his  own  book,  from  the  soldiers  point  of  view,  and  it  was  finally  translated  into  English. 
When  Archibald  MacLeish,  the  Poet  Laureate  of  the  US,  read  this  account  he  wrote  a  poem  in 
blank  verse,  called  “The  Conquistador”  and  won  the  top  prize  for  poetry  that  year.  The  scholars 
did  not  agree  with  Bernal’s  account,  but  I  did.  So  forget  accurate  history;  my  story  is  that  of  a 
participant,  a  soldier,  not  a  historian. 
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Crossed-field  devices,  especially  the  magnetron,  have  a  wonderful  history  starting  with  World 
War  II.  I  served  in  that  war  and  saw  a  lot  of  4J52’s  made  by  Litton,  Raytheon,  and  Western 
Electric,  among  others.  Some  people  say  the  magnetron  made  radar,  and  that  radar  won  the  war. 
My  first  encounter  with  the  magnetron  came  from  the  story  told  me  by  Vic  Ronci,  my  supervisor, 
at  Bell  Labs.  The  story  he  told  was  later  reported  in  one  of  C.P.  Snow’s  books  on  the  history  of 
WW2.  The  story  goes  that  the  British  agreed  to  give  us  the  design  of  their  magnetron,  and  that  it 
was  so  secret  that  the  drawings  and  a  sample  magnetron  were  carried  over  in  a  briefcase  and  the 
carrier  stayed  until  Bell  Labs  and  Western  Electric  made  a  copy.  The  actual  magnetron  was  given 
to  Vic  Ronci  in  a  darkened  movie  theater.  Sounds  like  a  spy  novel  -  and  I  guess  that  is  what  it 
was. 

When  I  finished  my  PhD  at  the  University  of  Illinois  in  the  early  fifties,  I  joined  Bell  Labs,  and 
immediately  worked  on  testing  magnetrons  and  trying  to  find  out  why  the  4J52’s  made  at  that 
time  by  five  manufacturers,  behaved  very  differently  in  the  system,  when  all  five  manufacturers 
tubes  met  the  spec,  and  passed  the  acceptance  test  procedures.  We  used  Reike  diagrams  in  those 
days.  The  result  of  testing  hundreds  of  magnetrons  was  that  a  new  specification  was  needed.  It 
was  called  the  phase  of  sink  (from  the  Reike  Diagram)  and  was  specified  as  the  location  of  the 
first  minimum  in  the  VSWR  from  the  magnetron  flange,  and  if  this  parameter  were  controlled, 
then  all  the  manufacturers’  tubes  worked.  It  was  years  later,  on  the  AEGIS  CFA,  that  I  learned 
about  out  of  band  mismatch,  a  related  and  similar  problem. 

John  Pierce  was  at  Bell  Labs  at  the  time  and  showed  no  interest  at  all  in  crossed  field  devices.  He 
concentrated  on  the  TWT  and  confessed  many  times  that  he  did  not  understand  magnetrons.  He 
repeated  this  theme  at  the  1994  tube  conference  in  Monterey,  when  he  stated  “Crossed-field 
devices  are  like  the  Lord.  They  are  very  powerful,  but  difficult  to  understand!”  I’m  sure  many 
others  would  agree. 

At  that  time,  in  the  early  fifties,  other  people  some  of  you  know  were  at  Bell  Labs.  Grant  St.  John 
George  Famey,  Jerry  Drexler,  and  of  course  Joe  Feinstein.  Most  of  us  were  working  on  TWTs 
for  the  new  transcontinental  long  haul  microwave  system  -  with  the  goal  of  transmitting  the  Rose 
Bowl  game  across  the  country,  and  to  be  the  first  with  a  national  microwave  system.  Joe 
Feinstein  joined  Bell  Labs  from  the  Bureau  of  Standards,  when  they  decided  to  move  his  unit, 
engaged  in  plasma  physics,  to  Colorado.  His  office  was  across  the  hall  from  mine,  and  I  would 
see  him  there,  with  his  colleague.  Bob  Collier,  working  on  a  new  type  of  magnetron.  He  may 
have  called  the  new  tube  a  coaxial  magnetron,  but  I’m  not  sure.  He  may  have  called  it  a  TEOl 
controlled  anode  magnetron  -  I’m  not  sure. 

Let  me  digress  a  moment  and  say  a  few  words  about  the  histoiy  of  the  TEOl  mode,  which  is  the 
foundation  of  the  coaxial  magnetron.  In  the  late  thirties  and  forties,  the  dominant  force  at  Bell 
Labs  in  electromagnetic  theory  was  a  person  named  Schelkunoff.  The  dominant  experimentalist 
in  practical  waveguides  was  George  Southworth.  Both  later  on  wrote  books  on  their  work. 
Well,  George  was  working  on  various  modes  of  transmission  when  he  came  up  with  the 
experimental  data  that  there  was  a  mode,  whose  losses  decreased  with  increasing  frequency.  All 
other  modes  did  not,  according  to  his  measurements.  He  went  to  Schelkunoff  and  was  told  that 
the  TEOl  mode  was  a  mathematical  anomaly,  that  he  had  noted  it,  but  felt  it  to  be  unreal,  because 
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how  could  the  losses  go  down  with  increasing  frequency?  They  finally  made  peace  when  George 
repeated  his  measurements  in  a  more  refined  way,  and  following  that  everyone  believed  the  mode 
to  be  real. 

When  Joe  Feinstein  joined  Bell  he  started  work  on  the  coaxial  magnetron  with  Bob  Collier.  After 
Joe  had  shown  that  the  magnetron  would  work,  and  that  the  TEOl  mode  would 
electromagnetically  strap  the  anode,  there  appeared  to  be  two  systems,  both  at  Ku  band,  that 
needed  such  a  tube.  One  was  the  Nike  Hercules  radar  and  the  other  was  the  Hustler  program  for 
a  radar  on  the  B-58.  The  famous  7208  magnetron  was  the  result.  The  tube  is  still  being 
manufactured  by  both  Litton  and  Varian. 

When  these  tubes  arrived  on  the  scene  at  Bell  Labs  there  was  little  support  for  their  continued 
development,  although  they  did  get  developed  and  manufactured  and  delivered  to  the  Nike 
Hercules  and  B-58  people.  At  that  time  ATT  was  having  a  lot  of  trouble  expanding  its  telephone 
business,  and  in  particular,  in  New  York  City  where  there  were  a  lot  of  problems.  The  Labs 
decided  in  late  1958  to  stop  developing  any  new  tubes,  unless  they  were  needed  for  the  telephone 
part  of  their  business.  So  magnetrons  were  on  their  way  out.  By  this  time  I  had  moved  to 
Reading,  PA,  to  a  branch  Lab  to  help  get  the  7208  into  manufacturing  and  to  develop  any  new 
tubes  needed.  When  a  new  tube  requirement  came  up  in  1958,  the  Labs  made  the  decision  to  use 
the  7008,  a  tube  manufactured  by  RCA,  and  used  the  principle  of  locking  up  the  pi-  mode  with 
four  external  cavities.  This  was  a  step  somewhere  between  the  normal  vane  and  strap  magnetron 
and  the  coaxial  magnetron. 

I  appealed  the  decision,  and  lost.  It  was  clear  that  if  I  wanted  to  stay  in  crossed-field 
development,  that  I  had  to  go  somewhere  else.  So  I  resigned  and  was  about  to  start  to  look 
around,  when  Jerry  Drexler  asked  me  to  form  a  team  with  him,  and  to  be  recruited  as  a  pair. 

We  had  worked  well  together  and  as  a  team,  he  thought,  we  would  be  more  valuable  to  any 
company  as  a  pair.  Jerry  then  mentioned  to  Joe  Feinstein  this  team  recruiting  proposition  we  had 
worked  out.  Joe  responded  that  if  we  could  get  a  vacuum  pump,  and  around  $250K  that  we  could 
go  off  on  our  own.  Jerry  called  me  about  Joe’s  comments,  and  at  that  instant  the  concept  of  a 
new  company  was  bom. 

I  was  the  first  to  quit,  and  spent  most  of  my  time  drawing  up  a  prospectus.  A  little  later  Joe  and 
Jerry  quit,  and  we  finished  the  prospectus  and  started  to  look  for  money.  Our  first  thought  was  to 
bring  tube  technology  to  a  company  not  already  in  the  tube  business  --  companies  like  Singer  and 
Schulmberger,  who  were  in  other  businesses,  but  had  shown  some  interest  in  electronics.  We  met 
with  them  in  fancy  restaurants  in  New  York,  and  some  interest  was  shown,  but  not  a  lot.  We  met 
once  with  venture  capitalists,  and  it  was  so  distasteful  to  us  that  we  never  followed  up.  They 
reminded  me  of  bird  dogs  searching  a  com  field  for  quail  or  pheasants.  Not  our  type. 

Through  Lou  Malter,  who  was  then  a  VP  for  research  for  Varian,  we  were  encouraged  to  talk  to 
Varian.  Little  did  we  know  that  the  previous  year,  Varian  had  bought  Bomac,  of  Beverly,  MA 
and  that  most  of  the  engineers  had  left  to  form  a  company  called  METCOM,  and  were  seriously 
underbidding  Varian  on  new  orders.  Had  we  been  more  aware  of  that  we  might  have  asked  for 


3 


more  money.  We  were  three  engineers,  whose  goals  in  life  were  not  money,  not  to  form  a  new 
company,  but  to  find  some  way  to  carry  on  with  our  work.  The  final  argument  we  used  to  join 
with  Varian  was  that  we  had  a  better  chance  of  being  understood  by  them,  than  by  a  company  not 
in  the  tube  business. 

In  May,  1959,  SFD  was  founded  in  Union,  NJ.  I  was  made  president.  I  had  no  choice.  Both 
Jerry  and  Joe  were  convinced  that  I  was  the  least  competent,  and  therefore  the  most  qualified  to 
be  president.  We  set  about  renting  a  building,  redoing  its  insides,  and  recruiting  people.  Some 
say  that  we  took  too  many  people  from  Bell  Labs  and  we  argued  that  no  one  in  America  is 
indentured.  Most  of  the  people  we  hired  were  assemblers  and  all  of  them  were  graduate 
watchmakers.  George  Famey  and  Hunter  McDowell  were  early  hires.  An  extremely  competent 
group  of  “can  do”  people.  We  divided  each  project  into  two  parts  -  mechanical  and  electrical. 
The  mechanical  engineer  was  in  charge  of  the  design  and  assembly  and  the  electrical  engineer  was 
in  charge  of  electrical  design  and  test.  The  process  worked,  but  it  was  expensive.  To  emphasize 
the  care  and  skill  that  went  into  our  tubes  let  me  mention  what  I  heard  recently  from  Neil  Wilson 
of  the  Army.  He  said  that  he  had  tested  some  8  Ka  band  tubes  made  more  than  30  years  before 
the  test  and  that  they  all  started  up  and  ran  well.  Jim  DeGan  of  Varian  reported  to  me  last  month 
that  they  had  received  5  or  6  C-band  megawatt  tubes  that  were  over  30  years  old  and  that  they  all 
worked.  SFD  was  a  collection  of  very  competent  and  careful  people.  It  was  years  later  that  we 
had  to  have  a  quality  control  department.  We  were  the  right  size  for  producing  quality  tubes. 
The  Government  specifications  demanded  we  have  a  quality  department,  whether  we  needed  it  or 
not. 

The  coaxial  magnetron  had  many  advantages,  but  it  also  had  its  faults.  It  was  hard  to  cool  at  high 
average  powers.  The  fins  for  cooling  were  distant  from  the  anode  where  the  heat  was  generated. 
It  also  had  the  propensity  not  to  start  too  easily.  The  rate  of  rise  of  the  pulse  had  to  be  slowed 
down  as  compared  to  a  hole  and  slot  or  rising  sun  magnetron.  Our  detractors  stated  that  the  tube 
was  O.K.  if  it  would  start  and  if  it  operated  at  low  average  power.  The  real  beauty  of  the  tube 
came  forward  when  one  looked  at  the  spectrum.  It  was  a  beautiful  spectrum,  a  classical 
spectrum,  with  very  low  side  lobs  and  not  a  lot  of  trash  displayed  on  the  screen.  The  cost  of  the 
tube  was  at  least  five  times  the  cost  of  a  standard  magnetron.  Its  lifetime  and  tolerance  to  its 
environment  was  at  least  ten  times  that  of  a  conventional  tube.  At  that  time,  the  maximum  life 
specified  on  a  magnetron  was  200  hours.  It  was  Nate  Butler  of  the  Navy  who  changed  that  to 
around  1000  hours  and  that  made  our  case. 

In  a  conventional  hole  and  slot  magnetron  the  mode  separation  from  the  pi  mode  goes  as  1/N^  and 
in  a  rising  sun  magnetron  the  separation  is  1/N,  where  N  is  the  number  of  resonators.  This  pretty 
much  limited  the  number  of  resonators  in  the  hole  and  slot  magnetron  to  around  16  and  in  the 
rising  sun  to  somewhere  around  the  low  twenties.  This  was  a  serious  limit  if  one  wanted  to 
increase  the  average  power.  If  one  can  increase  the  number  of  resonators  at  a  given  frequency, 
the  cathode  diameter  would  increase,  and  hence  the  tube  would  be  able  to  handle  more  power.  In 
the  coaxial  magnetron,  with  its  TEOl  mode  control,  the  number  of  vanes  in  the  anode  could  be 
increased  with  impunity.  We  built  anodes  with  resonators  numbering  in  the  30’s  to  over  100. 


4 


SFD  grew  to  over  200  people  and  was  profitable.  Chet  Lob,  now  of  Varian,  was  the  last  president 
of  the  company.  During  the  McNamara  recession  in  the  late  sixties,  the  plant  was  closed  and  the 
company  moved  to  Beverly.  At  that  time  Chet  Lob  as  the  president  had  the  burden  of  the 
transfer.  Just  prior  to  the  move  Joe  Feinstein  was  made  the  vice  president  for  research  for  Varian, 
and  I  had  become  a  Group  V.P.  for  Varian,  running  a  group  of  divisions  and  subsidiaries  on  the 
east  coast.  I  was  the  only  officer  of  the  company  not  located  in  Palo  Alto.  My  children  now 
appreciate  that  I  did  not  move  to  California. 

Bill  Brown  has  told  you  about  the  first  crossed-field  amplifier  -  the  Amplitron.  In  the  early  fifties, 
when  I  first  heard  of  the  Amplitron,  it  was  considered  to  be  a  great  advance,  but  it  also  had 
detractors,  other  than  John  Pierce.  It  was  called  a  “locked  oscillator”  and  Bill  Brown  had  to 
defend  it  against  existing  devices.  When  we  started  our  work  on  crossed-field  amplifiers  at  SFD 
Labs,  we  wanted  to  build  what  we  called  “a  true  amplifier.”  We  concentrated  for  the  first  several 
years  on  only  “forward  wave”  amplifiers.  The  amplitron  was  a  “backward  wave”  amplifier.  They 
were  called  that  because  the  phase  velocity  and  group  velocity  of  the  waves  were  in  opposite 
directions.  You  can  believe  that  we  used  the  words  “backward”  and  “forward”  effectively  in  our 
early  marketing!  The  eSiciency  was  the  dominant  advantage.  So  great  was  the  efficiency  that  Bill 
Brown  together  with  others  at  MIT  proposed  using  the  tubes  to  capture  the  power  of  the  sun. 
Bill  will  no  doubt  tell  you  about  his  gigantic  national  proposals  in  this  area.  Efficiencies  of  around 
85%  were  reported  by  him  on  the  Amplitron. 

It  was  George  Famey  who  finally  convinced  Joe  Feinstein  to  do  some  work  on  backward  wave 
circuits.  I  thought  he  would  lose  his  job,  but  he  persisted,  and  SFD  did  sell  some  varieties  of 
backward  wave  tubes,  but  with  a  large  reentrant  section.  George  would  come  up  with  one  new 
circuit  every  month,  and  the  major  advantages  of  his  designs  was  that  one  could  match  to  them. 
It  was  many  years  later  that  Varian  became  a  second  source  for  the  Amplitron,  and  long  after  Joe 
Feinstein  had  gone  west. 

Crossed-field  amplifiers  were  now  on  the  scene  and  were  rather  quickly  adopted  by  systems.  By 
quickly,  I  mean  ^een  years!  It  was  fifteen  years  after  we  started  the  famous  AEGIS  tube  that  it 
was  purchased  in  quantities  of  more  than  one. 

Well,  where  are  we  now?  How  many  systems  used  coaxial  magnetrons?  How  many  systems  used 
the  crossed-field  amplifier?  What  was  market  share  when  compared  to  other  tubes?  Some 
answers  are  given  in  the  table. 
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Selected  Markets  for  Microwave  Tubes 


Tube  Type 

Market  Size 

Magnetrons  (all  types) 

$26.8M 

Magnetrons  (coaxial  only:  211  types/models) 

$20.0M 

Crossed-field  amplifiers  (28  types/models) 

$13.0M 

High  power  pulsed  TWTs 

$25.6M 

High  power  pulsed  Klystrons 

$14.3M 

Coupled  cavity  TWTs 

$75.5M 

All  TWTs 

$156.4M 

All  Klystrons 

$50.3M 

All  Coupled  Cavity 

$83. 8M 

In  looking  to  the  future  of  the  crossed-field  amplifier  area  we  find  it  to  be  somewhat  clouded.  On 
the  one  hand  there  is  the  decrease  in  the  defense  budgets,  but  perhaps  more  importantly,  we  need 
to  do  certain  things  to  reinvigorate  this  area  of  technology. 

When  one  is  in  the  process  of  deciding  whether  to  use  one  type  of  tube  or  another  for  a  system 
application  there  are  many  trade-offs.  The  crossed-field  amplifier  characteristics  that  are  an 
advantage  include  low  voltage,  compactness,  and  efficiency.  On  the  other  hand,  coupled  cavity 
tubes  at  powers  up  to  the  AEGIS  level  offer  the  advantages  of  higher  gain,  ease  of  modulation, 
and  lower  noise. 

In  the  early  days  of  the  crossed-field  amplifier  work,  we  had  a  tremendous  advantage  in  low 
voltage  operation.  It  made  us  all  believe  that  if  a  system  were  transportable,  the  CFA  had  a  big 
advantage  due  to  its  low  weight.  Today  the  power  supplies  for  the  modulators  are  of  a  new  type- 
called  switcher  power  supplies  with  capabilities  of  around  100  watts  per  cubic  inch.  In  addition, 
the  development  of  higher  voltage  IGBT’S  (Insulated  Gate  Bi-polar  Transistors)  have  led  to 
smaller  modulators.  When  these  two  new  advances  are  combined  with  the  vastly  improved  high 
turns  ratio  pulsed  transformers  we  find  that  the  advantages  we  all  thought  we  had  over  the 
coupled  cavity  tubes  are  beginning  to  disappear.  The  coupled  cavity  tubes  are  much  more  of  a 
threat  to  the  CFA  now,  more  than  they  ever  were. 

It  was  a  heartbreaker  to  me  when  the  Army  and  Hughes  Aircraft  decided  to  use  a  coupled  cavity 
tube  in  the  TPQ-36  and  TPQ-37  systems.  Crossed-field  amplifiers  competed  toe  to  toe  for  over  a 
year  and  finally  lost  out  to  the  coupled  cavity  tube.  It  wasn’t  as  we  all  thought  -  that  Hughes 
wanted  to  use  a  Hughes  tube.  It  was  more  fundamental.  The  target  sizes  for  these  artillery  and 


6 


mortar  locator  systems  were  small  and  noise  was  important.  Since  the  systems  were 
transportable,  the  ease  of  modulation  was  also  important. 

This  lesson  was  further  sent  to  me  when  the  AEGIS  system  folks  decided  to  replace  a  driver  TWT 
and  a  driver  CFA  with  one  coupled  cavity  tube  of  the  same  gain.  Here  the  lesson  was  on  the 
advantages  of  high  gmn  and  low  noise. 

I  don’t  believe  we  can  do  much  about  the  gain,  since  in  my  experience,  any  time  we  have 
increased  the  gain  of  a  CFA,  we  have  paid  the  price  on  increased  instability.  But  we  can,  and  we 
should,  do  something  about  the  ease  of  modulation  and  the  noise  issues  and  perhaps  bandwidth 
issues  as  well. 

There  was  a  time,  in  the  early  days  of  SFD  when  we  tried  to  build  a  self  modulated  tube.  With 
DC  placed  on  the  tube,  we  tried  to  have  the  rf  alone  modulate  the  tube.  We  built  several  tubes 
that  worked  in  this  way,  but  with  some  sacrifice  in  efficiency.  More  importantly,  the  resultant 
modulation  was  unreliable.  At  about  the  same  time,  a  device  called  the  DEMATRON,  a  crossed- 
field  amplifier  with  no  reentrancy,  did  in  fact  demonstrate  pure  rf  modulation.  The  price  in 
efficiency  was  high  however,  and  the  product  never  made  it  to  the  market.  At  SFD,  still  in  search 
of  ease  of  modulation,  we  modified  our  pure  self  modulated  tube,  and  inserted  a  control  grid  in 
the  drift  space.  We  built  a  dozen  or  so  of  these  tubes  and  sold  them  to  RCA  for  a  system  I  believe 
was  called  the  MPS-36.  We  must  as  a  community  look  again  at  self  modulation.  Compared  to 
other  tubes,  the  CFA  is  at  a  disadvantage  in  ease  of  modulation  and  we  Avill  be  forever  at  a 
disadvantage. 

On  the  noise  fi-ont,  the  CFA  has  always  been  at  a  disadvantage,  and  is  now  more  of  a 
disadvantage  as  targets  get  smaller,  closer  together,  and  operate  in  a  noisy  environment.  Recent 
success,  or  partial  success,  in  this  area  must  be  continued  and  the  battle  won.  In  the  early  days, 
this  was  not  a  serious  disadvantage,  but  it  is  now  and  we  must  pursue  reduction  of  noise  in  the 
CFA  with  vigor. 

Lurking  in  the  background  as  a  disadvantage  to  the  CFA  over  the  coupled  cavity  tube  is 
bandwidth.  The  linear  tube  folks  have  never  abandoned  their  relentless  search  for  high  power 
broad  band,  high  impedance  circuits  that  can  be  matched.  In  the  CFA  area  we  have  all  but 
abandoned  our  R&D  in  this  area.  It  is  my  opinion  that  some  effort  must  be  started  here. 

All  three  of  these  disadvantages  must  be  addressed  by  a  continuation  of  the  excellent  modeling 
and  simulation  going  on  now  at  our  Universities  and  in  our  Industry.  Without  such  efforts,  we 
cannot  afford  to  do  the  work. 

To  attack  these  three  issues,  these  three  disadvantages,  I  would  suggest  that  the  Government 
Laboratories,  in  their  granting  of  contracts,  to  make  each  contract  a  joint  effort,  a  joint  bid,  from 
one  university  and  one  or  two  industrial  firms,  with  each  a  part  of  the  contract.  In  addition,  the 
people  from  the  Government  Labs,  both  Crane  and  NRL  should  be  a  part  of  the  technical  team, 
with  their  roles  well  defined.  We  do  not  have  enough  talent  in  the  USA  to  tackle  these  three 
issues  with  three  independent  groups.  In  fact,  this  closer  industrial  association  with  universities 


7 


that  I  suggest  may  be  our  only  hope  for  maintaining  or  improving  the  very  small  supply  of 
engineers  skilled  in  this  area. 

Crossed-field  devices  have  the  advantages  of  low  voltage,  high  efficiency,  and  compactness, 
which  are  of  critical  importance  to  mobile  or  transportable  systems.  We  must  now  reduce  the 
noise,  improve  the  ease  of  modulation,  and  be  prepared  for  the  system  user  as  he  demands  more 
bandwidth.  And  we  need  to  make  these  advances  in  a  way  we  can  afford.  For  that  reason  we 
must  continue  our  work  in  modeling  and  simulation.  Above  all  we  must  preserve  and 
continuously  improve  our  talent  base.  In  this  regard,  I  would  encourage  Dr.  Robert  Parker  and 
Dr.  Richard  Abrams  to  heed  the  remarks  of  Jack  Kilby,  the  head  of  AGED,  who  asked  us  to 
concentrate  on  re-inventing  the  vacuum  electronics  initiative.  We  have  to  add  a  lot  more 
intellectual  effort  in  our  industry  on  the  myriad  of  opportunities  and  challenges,  and  look  again  at 
ourselves  and  the  directions  we  are  going,  and  how  we  do  business. 

I  would  like  to  thank  Professor  Y.Y.  Lau,  Dave  Chemin,  and  everyone  else  who  gave  birth  to  this 
workshop. 


8 


THE  HISTORY  OF  THE  REENTRflNT  BEAM  CROSSED  FIELD  AMPLIFIER  WITH 
EMPHASIS  CaJ  NOISE  CXadPARISCaJ  WITH  THE  MAO^ETRCW. 

William  C.  Brown 

Microwave  Power  Transmission  Systems 
6  Perry  Lane,  Weston  MA  02193 

ABSTRACT 

The  history  of  the  reentrant  beam  crossed  field  amplifier,  generally 
referred  to  as  the  CFA,  is  first  reviewed.  The  principle  was  first 
applied  to  pulsed,  high-power,  broadband  amplifiers  and  highly  stabil- 
lized  oscillators  for  radar  use.  It  was  then  applied  to  CW  tiJaes  whose 
applications  included  the  400  kilowatt  super  power  CFA  and  the  low  power 
CFA  used  for  high  data  rate  comnuni cation  in  the  Apollo  program.  Then 
the  author  reviews  his  experience  with  noise  in  both  the  CFA  and  the 
conventional  magnetron  in  the  hope  that  this  experience  may  be  of  value 
in  obtaining  a  better  vmderstanding  of  noise  generating  processes  in 
both  of  these  devices. 


1.0  INTRODUCTION 

The  original  purpose  of  this  paper  Weis  to  give  the  history  of  the  original 
crossed  field  amplifier  device,  or  CFA,  and  to  describe  the  sr±>sequent  dev¬ 
elopments  that  produced  the  Stabilotron,  the  Super  Power  Amplitron,  and  the 
reflex  Amplitron.  However,  dviring  the  course  of  the  conference  it  became 
evident  that  an  important  problem  encomtered  with  the  use  of  the  CFA  device 
in  certain  systems  was  the  noise  from  the  device.  Because  the  author  has  had 
seme  experience  with  noise  in  this  device  and  considerably  more  in  a  closely 
related  device,  the  ordinary  magnetron,  he  believes  that  narrating  seme  of  his 
observations  of  noise  in  these  two  devices  might  be  of  help  to  others  who  are 
attempting  to  understand  the  complex  operation  of  the  crossed  field  device  and 
thereby  perhaps  solve  the  noise  problem. 

Therefore,  in  this  paper,  the  general  history  and  description  of  the  CFA  will 
first  be  presented  with  greatly  reduced  scope  and  then  some  of  the  historical 
observations  by  the  writer  on  noise  in  both  the  CFA  and  the  magnetron  will  be 
presented. 


2.0  THE  GENERAL  HISORY  AND  DESCRIPTICW  OF  THE  REENTRANT  BEAM  CROSSED 
FIELD  AMPLIFIER 

I  am  honored  to  have  been  invited  to  present  the  history  of  the  reentrant  beam 
crossed  field  amplifier  at  this  conference.  By  coincidence,  1995  was  the  same 
year  that  this  microwave  tube  device  was  recognized  for  its  contribution  to 
microwave  technology  and  the  author  honored  with  the  "Pioneer  Award"  from  the 
IEEE  Microwave  Theory  and  Techniques  Society. 

Before  proceeding  with  the  abbreviated  history  and  description  of  this  device, 
it  may  be  useful  to  remove  the  confusion  with  respect  to  the  various  names 
that  have  been  givai  this  device.  In  the  title  of  this  paper,  the  device  has 
be^  referred  to  as  the  "reentrant  beam  crossed  field  amplifier",  but  in  a 
historical  progression  it  has  also  been  referred  to  as  the  "platinotron",  the 
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"Airplitron”  and  siitply  as  the  "CFA"  or  "crossed  field  anplifier".  When  the 
device  was  originally  introduced  and  the  first  paper  written  the  author  named 
it  the  "platinotron",  a  word  that  combined  the  Greek  word  "platino",  signi¬ 
fying  a  broad  plateau,  with  the  usual  "tron"  added  as  a  suffix  for  an  elec¬ 
tronic  device.  The  Raytheon  marketing  department,  however,  thought  that 
"Anplitron"  was  a  better  term,  as  indeed  it  probably  was.  However,  Raytheon 
trademarked  the  term  so  the  growing  conpetition  could  not  use  the  term  "Anp- 
litron"  and  began  to  refer  to  it  as  the  "crossed  field  anplifier",  or  simply 
as  the  CFA.  Currently,  this  is  the  generally  used  term  for  the  device.  How¬ 
ever,  the  term  CFA  also  includes  the  injected  beam  crossed  field  anplifier  as 
well  as  the  reentrant  beam  crossed  field  anplifier.  But  the  injected  besm  CFA 
is  not  now  in  general  use  so  the  term  "CFA"  is  gsierally  understood  to  mean 
the  reentrant  beam  crossed  field  anplifier. 

The  emergence  of  the  "CFA"  in  1953  came  at  a  most  opportune  moment  when  radar 
technology  after  World  War  II  demanded  a  much  more  sophisticated  device  than 
the  magnetron  oscillator  which  had  been  the  backbone  of  all  radar  during  World 
War  II.  The  need  then  was  for  a  broadband  anplifier  that  could  goierate  mega¬ 
watts  of  microwave  power  efficiently. 

In  the  more  than  forty  years  that  have  elapsed  since  its  introduction  ,  the 
CFA  has  established  itself  in  many  major  pulsed  radar  systems,  including  the 
FAA’s  Air  Route  Surveillance  Radar,  the  Navy's  Aegis  radar,  and  the  radars 
used  in  the  Hawk  and  Patriot  Missile  Systems.  It  has  been  estimated  that  over 
this  period  of  time  t\jbe  sales  from  Raytheon  and  other  ccrrpanies  have  amomted 
to  between  one  and  two  billion  dollars,  and  the  radar  systems  in  which  they 
were  used  to  many  times  that. 

Figure  1  shows  both  the  original  QK  403  tube  that  successfully  demonstrated 
the  platinotron  or  CFA  principle  and  the  highly  successful  QK  434  that  was 
directly  scaled  from  the  QK  403.  The  434  was  thoroughly  tested  and  the 
results  were  documented  in  the  first  paper  published  on  the  CFA  as  well  as  in 
the  final  report  on  the  work  supported  by  the  Army  Signal  Corps.  (1,2).  More 
about  the  QK  434  will  be  discussed  in  the  second  part  of  this  paper  that  deals 
with  the  subject  of  noise. 

Figure  2  shows  many  but  not  all  of  the  CFAs  designed  by  Raytheon  engineers  for 
specific  radar  systems.  It  should  be  pointed  out  that  several  other  corpanies 
contributed  to  the  subseqent  developcment  of  the  CFA  including  Varian  and 
Litton.  An  expanded  history  of  the  CFA  would  ackknowledge  their  contribtuions 
in  more  detail . 

One  of  the  outstanding  CFA  developmoits  that  Raytheon  produced  was  the  QK  622, 
an  S  Band  tube  with  outstanding  performance  features  including  80%  efficiency, 
3  megawatts  of  peak  power  at  long  pulse  duration,  and  an  average  power  output 
of  15  kilowatts.  (3)  This  CFA  was  to  play  an  inportant  part  in  a  subsequent 
super  power  CFA  development. 

The  first  applications  of  the  CFA's  were  in  radar.  All  of  these  tubes  were 
pulsed  tubes  with  duty  cycles  as  high  as  3%.  There  were  a  nianber  of  potential 
applications  for  continous  operable  or  CW  tubes.  However  the  design  of  these 
pulsed  tubes  was  not  suitable  for  continuous  or  CW  operation.  They  all 
exhibited  too  much  axial  leakage  of  electrons  to  the  aids  of  the  tube,  or  to 
the  intruding  pole  pieces  of  the  magnetic  field,  at  the  relatively  low  ratios 


10 


ilowatts  of  continuous  power 

of  2.9  to  3,1  HH!. 


Figxire  6.  Directional  properties  of  the  CFA 


Figiire  7.  Principle  of  the  Stabilotrcai:  partial  reflection  in 
CFA  output,  reflection  frc«m  high  Q  cavity  at  input 

AMPLIFIED  SIGNAL 


DRIVE  SIGNAL 

Figure  8.  Single  terminal  reflex  CFA  corobined  with  three  port 
ferrite  circulator  to  form  a  two  port  amplifier 
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of  anode  current  to  anode  voltage  that  would  be  characteristic  of  C3W 
operation.  This  was  remedied  by  placing  the  magnetic  pole  pieces  at  cathode 
potential  which  eliminated  90%  of  the  leakage  current. 

This  new  design  for  CW  operation  made  it  possible  to  think  in  terms  of  a 
super  power  tube  by  ccsnnbining  the  high  80%  efficiency  of  the  CFR.  as  exhibited 
by  the  QK  622,  as  noted  above,  with  a  method  of  dissipating  very  high  levels 
of  heat  caiised  by  the  residual  kinetic  energy  of  the  electrons  when  they  are 
collected  on  the  anode  of  the  tube.  This  advanced  method  of  heat  disposal  used 
small  cooling  channels  at  the  tips  of  the  vanes  that  conprised  the  microwave 
network  and  forced  water  at  high  velocity  through  these  small  channels. 

The  development  of  such  a  super  power  tijbe  was  proposed  to  DRRPA,  the  Defense 
Advanced  Research  Projects  Agency  established  by  the  US  Government  in  response 
to  the  national  concern  after  the  Russian  space  program  had  succeeded  in  the 
successful  launching  of  Sputnik,  the  first  artificial  satellite  to  orbit  the 
Earth.  The  proposal  was  accepted  and  the  resulting  contract  between  the  Dept, 
of  Defense  and  the  Raytheon  Cotrpany  produced  a  super  power  tube  at  3  Qiz  that 
operated  with  425  kilowatts  of  continuous  power  at  76  %  efficiency.  The 
availability  of  such  large  amomts  of  power  motivated  interest  in  \jsing  micro- 
wave  beams  to  transport  large  blocks  of  electrical  power  from  one  point  to 
another  at  high  overall  efficiency.  (4,5)This  tube  is  shown  in  figure  3. 

The  platinotron  principle  was  also  adapted  to  an  important  communication  app¬ 
lication,  that  of  sending  infonnation  at  high  data  rate  from  the  moon  to  the 
Earth  during  the  Apollo  program.  This  tube  is  shown  in  figure  4.  It  pro- 
produced  about  25  watts  of  continuous  power  with  about  1  watt  of  drive  power. 
Although  this  tube  was  \jsed  successfully  during  the  entire  Apollo  program,  the 
CFA  did  not  find  its  way  into  general  use  for  cannunication  because  of  the 
short  life  of  the  cathode  that  was  cax:ised  by  electrons  bombarding  the  cathode 
cind  breaking  up  the  barium  oxide  coating.  If,  at  that  time,  it  had  been  recog¬ 
nized  that  the  use  of  a  carburized  thoriated  tungstai  cathode  would  ]^ve 
avoided  this  short  life  problem,  the  CFA  might  have  had  a  broad  application  to 
comnuni cations . 

1.1  The  General  Principle  of  Cperation  of  the  CFA  and  Comparison  With 
the  magnetron. 

The  general  principle  of  operation  of  the  CFA  is  shown  in  Figure  5.  (1,2, 6, 7). 
Physically,  the  CFA  is  distinguished  from  the  conventional  magnetron  by  the 
fact  that  it  has  a  non  reentrant  circuit  which  is  terminated  at  its  ends  with 
an  input  and  an  output  port,  while  the  magnetron  has  a  reentrant  circuit  and 
only  one  port.  Both  devices  have  a  similar  internal  microwave  circuit  that  is 
characterized  as  a  band  pass  filter  with  a  high  ratio  of  upper  to  lower  cutoff 
frequencies.  The  characteristic  impedance  of  the  circuit  varies  from  infinity 
at  the  lower  cutoff  frequency  to  nominal  values  in  the  100  ohm  range  at  about 
the  middle  of  the  pass  band. 

But  there  is  a  difference  in  the  way  in  which  this  circuit  is  utilized  by 
the  CFA  and  the  magnetron.  The  magnetron  operates  at  the  lower  end  of  the 
pass  band  as  a  resonant  structure  while  the  CFA  operates  v^)  nearer  the  center 
of  the  band  where  the  characteristic  impedance  of  the  network  can  be  easily 
matched  at  its  external  input  and  output  ports  to  coaxial  lines  or  waveguide. 
Furthermore.  In  this  region  the  phase  shift  versus  frequency  characteristic 
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has  flattened  out  to  a  relatively  low  slope  so  that  the  operational  CFR  device 
may  have  a  practical  bandwidth  of  10%  or  more  in  which  the  efficiency  rsnains 
nearly  constant  over  the  band.  Furthermore,  the  slope  is  nearly  constant  so 
that  the  phase  shift  is  linear  over  a  significant  range  of  frequencies.  The 
ease  with  which  such  a  bandwidth  could  be  achieved  from  a  fabrication  point  of 
view  was  in  sharp  contrast  to  the  efforts  involved  in  designing  klystrons  with 
similar  bandwidth  and  where  the  efficiency  was  down  by  3  db  at  the  band  edges. 
The  canbination  of  mechanical  sinplicity,  high  efficiency  over  a  large  band¬ 
width,  and  the  linear  phase  shift  characteristic,  was  a  major  reason  for  the 
immediate  success  of  the  CF%  after  it  was  introduced. 

A  ccrnnon  necessity  for  the  operation  of  both  the  CFA  and  the  magnetron  is  an 
axial  magnetic  field.  The  function  of  this  field  is  to  cause  electrons  that 
are  amitted  by  the  cathode  to  rotate  around  the  cathode  in  concentric  circles. 
Electrons  are  amitted  in  response  to  a  voltage  applied  between  the  anode  and 
cathode  of  the  tube.  As  this  voltage  is  increased,  the  electrons  travel  in 
ever  larger  concentric  circles  and  increase  their  angular  velocity  until  it 
reaches  the  angular  velocity  with  which  the  microwaves  are  being  propagated  on 
the  microwave  circuit  at  the  anode.  At  this  point  spokes  of  space  charge  are 
formed  which  induce  microwave  power  into  the  circuit  on  the  anode.  The  magne¬ 
tron  and  the  CFA  obey  the  same  scaling  relationships  between  the  operating 
frequency,  the  applied  magnetic  field,  the  applied  voltage,  the  physical 
dimensions  of  the  interaction  area,  and  the  nunher  of  space  charge  spokes. 


2.2  The  Stabilotron  and  Relex  Anplitron  Derivatives  of  the  Early 
CFA  Activity 

The  super  power  CFA  and  the  CFA  used  for  ccmnuni cations  in  the  Apollo  program 
that  have  already  been  described  are  derivatives  of  the  early  CFA  activity. 
Two  others  are  the  Stabilotron  and  the  reflex  Anplitron.  The  stabilotron  de¬ 
velopment  found  an  early  application  in  the  search  radar  of  the  Hawk  Missile 
System.  The  reflex  Anplitron  was  a  more  recent  developnrent  aimed  at  use  in  the 
radar  aboard  an  airborne  missile. 

Both  of  these  derivatives  made  xase  of  a  property  of  the  CFA  shown  in  Figure  6. 
The  CFA  exhibits  gain  in  one  direction  while  no  gain  but  little  loss  is 
exhibited  in  the  other  direction.  (1) 

The  Stabilotron,  whose  schamatic  of  operation  is  shown  in  figiare  7,  is 
essentially  a  highly  frequency  stabilized  oscillator  that  takes  advantage  of 
the  CFA  property  shown  in  Figure  6.  (1,8)  To  use  this  property  for  the  stab¬ 
ilotron,  part  of  the  normal  output  power  of  the  CFA  is  reflected  back  through 
the  tube  to  a  paralleled  matched  load  and  cavity  resonator  at  the  input.  At 
the  resonant  frequency  of  the  cavity  almost  all  of  the  power  is  reflected  and 
is  then  anplified  to  become  the  power  output  of  the  device.  Any  power  not  near 
the  resonant  frequency  of  the  cavity  is  absorbed  in  the  matched  load  at  the 
input.  The  resulting  oscillations  occur  at  a  frequency  where  the  round  the 
loop  phase  shift  of  the  device  is  seme  integral  multiple  of  360  electrical 
degrees.  With  a  high  Q  cavity  this  occurs  very  close  to  the  resonance  of  the 
cavity  because  the  phase  of  the  reflected  wave  varies  rapidly  with  frequency 
around  the  resonant  frequency  of  the  cavity.  However,  a  line  stretcher  is 
required  if  the  stabilotron  is  to  be  tunable  over  a  sizeable  frequency  range 
because  phase  shift  occurs  in  other  portions  of  the  loop  between  input  and 
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output.  The  oscillation  frequency  of  the  stabilotron  is  highly  insensitive  to 
changes  in  the  reactive  component  of  load  and  to  changes  in  the  current  input 
to  the  tube  and  therefore  to  changes  in  the  power  output.  (8) 

The  stabilotron,  representing  one  of  the  first  applications  of  the  CFA  in  a 
system,  was  introduced  into  the  Hawk  Missile  system  in  1954  where  it  is  still 
used,  more  than  forty  years  later. 

The  reflex  anplitron  principle,  shown  in  Figure  8  also  makes  use  of  the  CFA 
property  shown  in  Figure  6.  The  reflex  airplitron  is  a  single  port  device  and 
requires  a  ferrite  circulator  to  become  the  two  port  device  needed  for  an 
amplifier.  The  justification  for  the  device  is  that  it  greatly  simplifies  the 
construction  of  the  tube  if  only  one  port  is  needed.  In  operating  the  device  a 
signal  is  inserted  into  the  tube  through  one  of  the  terminals  of  the  ferrite 
circulator.  The  signal  then  travels  without  gain  or  appreciable  attenuation 
to  the  input  of  the  microwave  circuit  where  it  is  reflected  in  its  entirety. 
The  signal  is  then  amplified  and  exits  the  system  through  the  other  port  of 
the  ferrite  circulator.  The  reflex  anplitron  principle  was  motivated  by  the 
need  for  a  coipact,  efficient  amplifier  at  high  microwave  frequencies  for 
radar  aboard  an  airborne  missile. 


3.0  A  Coiparison  of  Noise  in  the  CFA  and  the  Magnetron. 

3.1  Introduction 

Despite  the  impressive  application  of  the  CFA,  its  usefulness  in  seme  import¬ 
ant  applications  has  been  ccitpromised  by  spurious  emissions  of  noise  whose 
cause  has  been  difficult  to  discover  and  to  correct.  Becaiise  the  solution  of 
this  problem  is  so  important,  the  purpose  and  direction  of  this  paper  has  been 
revised  to  stress  a  historical  comparison  of  noise  behavior  in  the  CFA  with 
noise  behavior  in  the  closely  related  device,  the  conventional  magnetron  osc¬ 
illator.  Noise  in  this  context  is  defined  to  include  random  noise  near  the 
carrier  as  well  as  removed  from  it,  discreet  noise,  and  any  peculiar  signal 
output  of  the  device  that  interferes  with  proper  operation  of  the  equipment  in 
which  it  might  be  installed. 

The  material  that  follows  has  for  the  most  part  been  taken  from  a  report  whose 
preparation  was  supported  by  the  Raytheon  Company  when  the  author  became  a 
consultant  for  them  after  his  retirement  from  Raytheon.  The  title  of  this 
report  is  "A  Reporting  of  Personal  Observations  of  Noise  in  Magnetrons  and 
CFAs".  (11)  It  was  prepared  in  1988.  This  150  page  report  contains  ii^ortant 
ex-cerpts  from  final  reports  and  other  docmiments  that  may  be  difficult  to 
obtain.  The  author  will  make  this  report  available  for  copying  to  anyone 
wishing  this  source  material .  There  is  obviously  much  more  data  in  this  report 
than  can  be  presented  in  this  paper. 

Because  of  the  close  physical  similarities  of  the  CFA  and  the  magnaetron,  it 
might  be  concluded  that  their  noise  properties  would  be  very  similar.  However, 
it  has  been  found  that  there  are  some  differences.  The  CFA  is  free  of  some  of 
the  adverse  noise  behavior  of  pulsed  magnetrons.  On  the  other  hand,  there  has 
not  been  a  one  on  one  canparison  of  a  continusously  operable  or  W  CFA  with 
the  microwave  oven  magnetron  whose  signal  to  noise  ratio  has  been  found  to  be 
very  high  for  noise  close  to  the  carrier  or  removed  frem  it. 


15 


In  addition  to  the  possible  help  that  a  recomting  of  observations  of  noise 
in  the  CFA  and  innagnetron  might  be  to  others  studying  the  noise  problem  in  the 
Aegis  application,  it  may  also  be  of  help  in  finding  the  internal  feedback 
n^chanism  in  the  microwave  oven  magnetron  that  keeps  it  in  a  quiet  mode  of 
operation  despite  imny  changes  in  operating  conditions,  including  power  input 
and  power  output,  and  changes  in  the  load  into  which  the  tube  operates. 

To  the  author's  knowledge  there  is  no  simulation  and  associated  ccmputer  pro¬ 
gram  that  describes  this  built  in  feedback  behavior  that  regulates  the  back 
bcmbardmait  power  to  keep  the  primary  emitting  cathode  at  the  minimum  temper¬ 
ature  that  will  supply  just  enough  current  for  the  operation  of  the  magnetron. 
And  this  is  the  operating  condition  of  the  cathode  that  is  associated  with  low 
noise,  and,  of  course,  with  the  maximum  life  of  the  cathode. 

This  feedback  mechanism  in  the  microwave  oven  magnetron  is  probably  associated 
with  the  phase  relationship  between  the  spokes  of  space  charge  and  the  wave 
travelling  on  the  microwave  circuit,  because  this  phase  relationship  governs 
the  amount  of  energy  in  the  electrons  returning  to  the  cathode  and  bonbarding 
it  to  heat  the  cathode. 

There  is  also  seme  evidence  that  when  the  cathode  in  a  CTA  is  a  pure  secondary 
emitter  that  the  space  charge  spokes  rotate  to  control  the  amount  of  back- 
bembardment  to  supply  the  minimom  amount  of  secondary  electrons  necessary  to 
supply  the  anode  current  of  the  CFA.  (10)  Therefore  the  condition  of  the 
secondary  ennitting  surface  may  be  a  critical  factor  in  governing  the  phase 
relationship  between  the  space  charge  spokes  and  the  wave  on  the  microwave 
circuit.  So,  if  there  were  a  proper  simulation  of  the  control  of 
backbombardment  power,  it  might  apply  to  secondary  amitting  cathodes  as  well 
as  to  primary  emitting  ones. 

In  any  event  such  a  simulation  would  be  very  useful  for  the  optimum  design  of 
magnetrons  for  the  many  wireless  power  transmission  applications  in  which  the 
ordinary  microwave  oven  magnetron,  converted  into  a  high  gain,  phase  locked 
amplifier  with  external  circuitry,  is  intended  to  play  an  important  role.  This 
role  is  the  generator  in  an  "electronically  steerable  phased  array  module"  now 
called  an  ESPAM,  that  consists  of  the  generator  and  a  section  of  slotted 
waveguide  array.  Thousands  of  these  ESPAMs  would  be  used  in  electrcffiically 
steerable  phased  arrays  for  beaming  power. 

For  the  reader  unfamiliar  with  the  conversion  of  the  magnetron  into  a  phase- 
locked,  high  gain  (30  db)  amplifier  with  external  circuitry,  it  should  be 
noted  that  this  is  a  recent  development.  (9)  The  magnetron  is  converted  into 
an  amplifier  with  the  aid  of  a  three  port  ferrite  circulator  so  that  the 
assonnbly  becoroes  a  two  port  device  with  input  and  output.  Also  in  the 
assembly  is  a  phase  canrparator  that  corpares  the  phase  of  the  input  with  that 
of  the  output  and  any  error  signal  is  used  to  retune  the  magnetron  to  match 
its  oscillatory  frequency  to  that  of  the  drive  signal.  It  should  be  pointed 
out  that  from  a  noise  point  of  view,  the  noise  from  the  magnetron  running  by 
itself  as  an  oscillator  and  determining  its  own  frequency  is  the  same  as  when 
it  is  run  as  an  amplifier. 

We  will  now  turn  to  some  of  the  corparative  observations  of  noise  in  CFAs  and 
magnetrons . 
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3.2  Ccstiparison  of  the  Magnetron  as  Represented  by  the  5J26  and  the 
CFA  as  Represented  by  the  QK  434. 

iTie  first  opportunity  to  connpare  the  behavior  of  the  magnetron  with  the  CFA 
occurred  very  early  in  the  history  of  the  CFA.  Disregarding  the  very  early 
work  in  converting  the  conventional  magnetron  into  a  broadband  anplifier,  the 
development  of  the  first  tube  intended  for  an  application  was  the  QK  434.  It 
was  designed  as  a  candidate  to  replace  the  5J26  magnetron  which  had  been  the 
backbone  of  many  L  Band  radars  during  World  War  II,  but  which  had  run  into 
difficulty  in  a  radar  system  designed  for  the  "DEW  line"  radar.  Of  course  it 
was  not  known  in  advance  what  the  behavior  of  the  QK  434  might  be  and  how  many 
variables  would  be  introduced  by  the  new  design.  To  keep  these  variables  to  a 
small  number  it  was  decided  to  \ise  the  same  cathode  in  the  CFA  as  in  the  5J26 
magnetron.  This  was  a  fortunate  decision  as  we  shall  see. 

During  World  War  II  the  5J26  magnetron  had  been  successfully  operated  with 
one  and  two  microsecond  pulsed  lengths.  However,  the  proposed  "DEW  Line" 
application  after  World  War  II  called  for  a  five  microsecond  pulse  duration. 
But  at  this  pulse  duration  the  5J26  exhibited  the  anomaly  of  oscillating  at 
one  frequency  during  the  first  part  of  the  pulse  and  then  suddenly  shifting 
for  the  remainder  of  the  pulse  to  another  frequency  two  or  three  MHz  away  from 
the  first  frequency.  This  behavior  was  intolerable  to  successful  operation  of 
the  radar. 

Such  frequency  skipping  performance  indicated  two  states  of  operation  that 
were  a  function  of  time.  But  what  operating  condition  could  change  in  such  a 
small  interval  of  time?  About  the  only  thing  that  could  change  was  an  increase 
in  the  temperature  of  the  electron  emitting  material  of  the  cathode,  caused  by 
back  bombarding  electrons  returning  to  the  cathode.  The  material  was  barium 
oxide  whose  heat  conductivity  is  very  poor  so  that  the  surface  temperature 
of  the  material  could  heat  up  rapidly  under  the  kilowatts  of  backbomibardment 
power.  An  increase  in  temperature  would  greatly  increase  its  capability  to 
emit  electrons.  The  scenario,  then,  is  that  during  the  pulse  the  taiperature 
and  primary  emission  of  the  cathode  increases  to  some  point  where  there  is  a 
change  in  the  mode  of  operation  of  the  tube. 

It  would  be  anticipated  then  that  the  QK  434  CFA  might  exhibit  this  same 
performance  because  it  had  the  same  cathode.  The  amazing  finding  in  the  QK  434 
was  that  there  was  no  frequency  skipping  when  it  was  run  as  an  oscillator,  and 
no  change  in  the  quality  of  the  spectrum  of  the  microwave  output  when  it  was 
run  as  an  anplifier  with  a  five  microsecond  pulse  over  an  extremely  wide  range 
of  operating  conditions  with  respect  to  the  frequency  and  power  level  of  the 
rf  drive,  the  variation  in  magnetic  field,  applied  voltage  and  current,  and 
variations  in  load.  All  of  this  data  is  recorded  in  the  original  paper  and 
final  report  on  the  platinotron,  or  CFA.  (1,2) 

Although  the  transient  temperature  behavior  of  the  cathode  of  the  CFA  QK  434 
was  not  monitored  during  these  tests,  there  must  have  been  a  tresmendous 
change  in  the  temperature  of  the  cathode  and  therefore  of  its  primary  emitting 
capability.  But  it  made  no  difference,  so,  in  retrospect,  it  is  necessary  to 
look  for  scxne  other  condition  in  the  CFA  that  eliminates  one  of  the  two  states 
of  operation  observed  in  the  magnetron  oscillator. 

To  the  author's  knowledge,  in  all  of  the  CFA's  that  were  ever  produced,  with 


all  kinds  of  cathodes  including  piirely  secondary  onitting  ones,  there  was  no 
incidence  of  a  change  of  operating  mode  during  the  pulse,  however  long  it 
might  be.  For  some  reason,  still  to  be  positively  identified,  the  CFA  always 
operates  in  one  mode  or  state  regardless  of  the  cathode  that  is  being  used. 

Two  differences  between  the  devices  that  in  seme  way  might  limit  the  tube  to 
one  mode  of  operation  ceme  to  mind.  The  first  difference  is  a  reentrant  versus 
a  non  reentrant  microwave  circuit.  The  second  difference  is  in  the  rf  fields 
seen  by  the  space  charge  spokes.  For  a  given  output  power  level,  the  fields 
are  much  higher  in  the  magnetron  than  in  the  CFA. 

A  third  difference  that  might  be  proposed  is  that  when  the  CFA  is  providing 
significant  gain  there  is  a  significant  circunf erential  variation  in  the 
electric  field  presented  to  the  space  charge  spokes  as  they  rotate  around  the 
cathode.  However,  when  the  CFA  is  operated  at  low  gain  there  is  only  a  slight 
circumferential  variation  in  fields  that  approximates  the  situation  found  in 
the  magnetron. ,  But  no  change  in  the  mode  of  operation  has  been  noted  at  low 
gain  in  the  CFA. 

Unfortunately,  because  of  the  lack  of  suitable  instrumentation,  no  noise 
measurements  were  made  on  either  the  QK  434  or  the  5J26.  The  interesting 
observation,  if  it  could  have  been  made,  would  have  been  the  noise  level 
before  and  after  the  mode  change  in  the  middle  of  the  five  microsecond  pulse 
applied  to  the  5J26;  and  then  corrpare  those  noise  levels  to  that  of  the  QK 
434  to  see  if  the  QK  434  was  in  the  quiet  or  noisy  mode. 


3.3  Two  mode  and  associated  noise  behavior  of  a  OT  X-Band  Magnetron 

The  reason  to  suspect  that  there  was  a  difference  in  the  noise  level  before 
and  after  the  break  in  the  middle  of  the  pulse  applied  to  the  5J26,  arose  from 
the  observed  performance  on  an  X-Band  CJ4  magnetron  that  had  been  designed  for 
use  in  the  OT  radar  of  the  Raytheon  Hawk  Missile  System.  In  this  application 
the  signal  to  noise  ratio  of  the  transmitter  in  the  CP7  radar  was  very  import¬ 
ant  and  could  be  observed  on  a  conventional  spectrum  analyzer. 

It  was  noted  that  as  the  applied  voltage  to  the  tube  was  increased  to  increase 
the  current  and  the  power  output,  there  would  be  a  value  of  current  reached 
at  which  there  would  be  an  abrupt  shift  in  frequency  by  a  small  amoimt  and  a 
slight  but  abrupt  change  in  the  operating  voltage  imposed  upon  the  magnetron. 
Because  the  voltage-current  relationship  was  dependent  upon  a  value  of 
magnetic  field  measured  in  gauss,  this  slight  but  abrupt  change  in  the  voltage 
current  relationship  becaime  known  as  a  "gauss-line  discontinuity".  At  this 
discontinuity  there  would  also  be  an  abrupt  change  in  the  amount  of  white 
noise  associated  with  the  tube  as  observed  on  a  spectrum  analyzer. 

Thus  there  seamed  to  be  two  possible  states  of  operation,  one  much  imore  noisy 
than  the  other.  This  problem  could  be  ratmedied  to  a  large  extent  by  long  aging 
of  the  CW  tubes  that  changed  the  amission  properties  of  the  thoria  cathode, 
but  the  procedure  was  never  completely  satisfactory.  At  the  very  end  of  the 
use  of  the  magnetron  in  the  missile  system,  it  was  found  that  a  cathode  made 
of  thorium,  a  material  that  had  very  low  secondary  emission,  eliminated  the 
problem.  But  this  finding  came  too  late  to  preserve  the  use  of  the  magnetron 
in  the  missile  system  so  that  no  field  experience  with  the  imagnetron  with  the 
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new  cathode  was  obtained. 


3.4  Further  observations  on  quiet  and  noisy  states  of  operation  in  the 
microwave  oven  magnetron 

Much  of  what  will  be  discxissed  in  the  following  material  is  discussed  in  more 
detail  in  the  report  "A  Reporting  of  Personal  Obseervations  of  Noise  in 
Magnetrons  and  CFas,”  that  has  been  previovisly  referred  to.  It  may  also  be 
covered  in  a  separate  article  in  the  proceedings  of  this  conference  on  crossed 
field  devices,  depending  upon  the  deadline  for  submitting  material.  But  a 
separate  and  more  complete  paper  that  will  present  more  data  and  how  it  fits 
into  formal  control  theory  should  be  written. 

It  may  be  possible  to  regard  the  microwave  oven  magnetron  as  a  black  box  and 
to  characterize  its  performance  in  terms  of  control  theory,  without  under¬ 
standing  what  is  actual  going  on  in  the  box.  That  is  where  we  need  an  accurate 
simulation  of  what  is  going  on  in  terms  of  electron  flow  in  the  magnetron  to 
explain  the  externally  observed  behavior. 

The  finding  of  two  states  of  operation  in  the  X-Band  CW  magnetron  also  relates 
to  a  later  finding  in  the  comnon  microwave  oven  magnetron  where  it  was  found 
that  whether  or  not  the  cathode  was  temperature  limited  in  its  emission  made  a 
big  difference  in  the  noise  performance  of  the  device.  The  reader  may  very 
well  be  concerned  with  how  it  was  known  that  the  cathode  was  operating  in  a 
temperature  limited  condition,  beyond  the  observation  that  the  temperature 
seemed  to  be  close  to  that  predicted  by  the  Richardson-Dushman  relationship 
between  emission  and  temperature  for  the  particular  cathode  material.  However, 
from  an  experimental  observation  point  of  view,  this  relationship  is  a  very 
loose  one,  depending  upon  accurate  reading  of  the  filament  temperature  and  a 
myriad  of  other  factors. 

Fortunately,  there  is  a  technique  that  can  tell  how  close  the  cathode  is  oper¬ 
ating  to  a  temperatiore  limited  emission  condition.  If  the  cathode  is  operating 
in  a  temperature  limited  mode,  then  when  a  small  step  function  in  anode  volt¬ 
age  is  applied  to  the  tube,  there  will  be  no  instantaneous  increase  in  anode 
current.  Rather  there  will  be  time  required  to  heat  the  mass  of  the  filament¬ 
ary  cathode  to  the  tannperature  required  for  the  increase  in  current  to  satisfy 
the  steady  state  operating  condition  between  the  tube  and  the  power  supply.  If 
there  is  sane  excess  emission,  then  there  will  be  some  instantaneovis  increase 
in  anode  current  with  the  remainder  requiring  a  higher  temperature  of  the 
cathode. 

It  has  been  observed  that  if  the  filamentary  cathode  is  in  an  emission  limited 
condition,  and  if  the  magnetron  is  being  operated  with  external  circuitry  as 
an  amplifier  so  that  the  phase  shift  between  the  input  and  output  can  be  meas¬ 
ured,  there  will  be  a  transient  phase  shift  while  the  magnetron  is  presumably 
shifting  the  position  of  the  space  charge  spokes  to  increase  the  amount  of 
back  bombardment  to  heat  the  filamentary  cathode.  On  the  other  hand,  if  the 
magnetron  is  operating  as  a  free  running  oscillator,  then  presumably  there 
will  be  a  transient  shift  in  frequency  of  the  tube  while  it  is  adjusting 
itself  to  the  new  operating  conditions. 

In  this  context  of  frequaicy  shifting  with  a  change  in  anode  ciirrent  which  is 
called  "frequency  pushing"  it  should  be  noted  that  there  are  two  components. 
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One  is  caused  by  the  increase  in  space  charge  density  in  the  spoke,  and  the 
other  is  caused  by  the  shift  of  the  space  charge  spoke  to  produce  changes  in 
the  amoimt  of  back  boutordr^t.  It  has  been  noted  that  these  shifts  are  in  the 
opposite  direction  and  may  be  responsible  for  the  observation  that  the  pushing 
figure  may  flatten  out  and  even  change  its  slope  with  an  increase  in  current. 

Experimentally,  it  has  been  observed  that  the  excess  anaission  that  is  obtained 
from  applying  the  step  function  of  voltage  increases  as  the  anode  current  of 
the  tube  is  increased.  More  specifically,  the  ratio  of  excess  amssion  to  the 
steady  state  value  of  the  current  increases  with  anode  current.  Conversely,  it 
has  been  found  that  when  there  is  no  excess  BDission  at  lower  values  of  anode 
current,  the  tube  ceases  to  run.  These  observations  were  made  under  conditions 
of  no  external  flow  of  power  into  the  filan^t. 

Another  interesting  observation  is  that  if  external  heater  power  is  introduced 
into  the  tube  while  the  tube  has  been  running  without  heater  power,  then  the 
filament  still  operates  at  nearly  the  sair^  teirperature  because  the  backborn- 
bardment  power  is  reduced  by  nearly  the  same  amount  as  the  external  heater 
power  is  increased.  If  this  reduction  in  backbafTi>ardT>ent  power  is  visualized 
as  a  negative  feedback  process  to  ccmpensate  for  the  introduction  of  an  ex- 
temal  factor  to  heat  up  the  cathode,  then  it  corripensates  by  a  ratio  factor 
of  over  twenty. 

If  now  we  associate  the  low  noise  operation  the  tube  with  a  negative  feedback 
process  to  keep  the  cathode  near  a  tenrperature  limited  condition,  we  see  that 
the  microwave  oven  magnetron  prefers  to  use  this  feedback  process  to  produce 
noise  free  operation  over  a  very  wide  range  of  operating  condition  inposed 
upon  the  tube. 

e 

3.5  Precipitation  of  the  Noisy  State  of  Operation  in  the  Microwave  Oven 
24agnetron 

If  the  iricrowave  oven  magnetron  is  being  operated  0*7  with  no  external  filament 
power,  and  then  external  filament  power  is  added,  there  will  be  a  decrease  in 
backbcsnribardment  power  to  compensate  until  a  value  of  filair^t  power  is  reached 
which  suddenly  transforms  the  quiet  operation  into  noisy  operation.  The  anode 
voltage  at  this  point  drops  by  150  to  200  volts  and  the  temperature  of  the 
filamentary  cathode  increases.  The  reduction  in  backbcmbarctoent  power  no  long¬ 
er  compensates  for  the  external  heater  power. 

3.6  The  Correlation  of  Low  Frequency  Noise  With  Noise  Around  the  Carrier 
in  the  Microwave  Oven  Magnetron. 

When  the  microwave  oven  ringnetron  is  in  a  noisy  state  triggered  by  the  inject¬ 
ion  of  too  much  external  heater  power,  there  is  a  broad  range  of  noise  below 
1000  MHz.  When  the  external  heater  power  is  ranrioved,  both  the  low  frequency 
noise  and  the  noise  around  the  2.45  MHz  signal  vanishes.  It  is  therefore 
assumed  that  the  low  frequency  noise  is  noise  modulating  the  carrier  at  2.45 

onZ  . 


This  observation  strongly  suggests  that  if  there  is  too  much  space  charge 
around  the  cathode  that  is  not  getting  transported  irtroediately  to  the  space 
charge  spokes,  oscillations  will  occur  at  low  frequencies  through  sene  mech¬ 
anism  not  now  well  defined.  These  low  frequency  oscillations  are  closely 


20 


coupled  to  the  cathode  and  the  power  coupled  to  the  cathode  exits  to  the 
external  world  through  the  cathode  support.  In  the  microwave  oven  this  low 
freguency  power  would  be  a  source  of  interference  with  other  uses  of  the 
electronrcignetic  spectrum  if  it  were  not  prevented  frcxn  exiting  the  packaged 
magnetron  by  a  low  frequency  filter  contained  in  the  package. 


3.7  Conclusion  and  Summary  of  Observations  of  Noise  in  CFfis 
and  Magnetrons 

The  observations  made  in  the  second  part  of  this  paper  are  meant  to  motivate 
as  well  as  to  help  those  who  are  working  on  the  basic  theory  of  CFAs  and 
magnetrons  to  explain  why  quiet  operation  of  magnetrons  and  presumably  CFAs  is 
associated  with  an  emission  limited  condition  of  the  cathode,  and  how  such  a 
condition  can  be  maintained  over  a  wide  range  of  operating  conditions  by  an 
internal  feedback  control  mechanism. 

Following  is  a  sunmary  of  the  observations: 

o  It  is  observed  that  all  CFAs  have  no  discontinuities  in  the  relationship 
between  applied  potential  to  the  anode  and  the  resulting  current,  as  do  mag¬ 
netrons.  Any  exception  to  this,  and  correlated  with  some  design  change, 
would  be  very  important,  particularly  if  it  resulted  in  a  high  level  of 
noise  on  one  side  of  the  discontinuity.  Currently  there  is  no  explanation 
for  this  difference  between  ordinary  magnetrons  and  CFAs. 

o  Microwave  oven  magnetrons  with  a  carburized  thoriated  tungsten  cathode  want 
to  operate  in  a  noise  free  condition  unless  an  excess  amount  of  external 
heater  power  is  applied.  This  noise  free  condition  is  correlated  with  a 
helical  carburized  tungsten  cathode  that  operates  very  close  to  a  tenrpera- 
ture  limited  eriission  condition. 

o  There  is  an  internal  negative  feedback  mechanism  in  the  microwave  oven  mag¬ 
netron  that  keeps  the  cathode  near  the  toiperature  limited  amission  con¬ 
dition  under  a  broad  range  of  iiTi)osed  operating  conditions. 

o  A  noisy  spectrum  at  2.45  GHz,  when  there  is  enough  external  heater  power 
applied  to  trigger  it,  is  correlated  with  the  generation  of  noise  below  1 
GHz  that  is  conducted  along  the  cathode  support  and  radiated  unless 
filtering  to  prevent  it  is  provided.  The  noise  at  both  frequencies  vanishes 
when  the  external  heater  power  is  removed. 

o  There  is  a  sudden  reduction  of  the  anode  voltage  by  about  150  volts  when  the 
microwave  oven  magnetron  goes  into  the  noisy  mode  of  operation. 
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THE  DEVELOPMENT  OF  CROSSED-FBELD  DEVICES  IN  THE  UK,  FROM  THE 
ORIGINAL  lOCM  CAVITY  MAGNETRON  TO  THE  PRESENT  AND  BEYOND 


Abstract 

The  paper  plots  the  development  of  Crossed  Field  Devices  in  the  UK  from  the  invention  of  the 
original  10  cm  Cavity  Magnetron  in  1939/40  through  to  the  present  time.  The  major  success 
story  concerns  the  development  of  the  Magnetron  in  all  its  forms  and  applications  but 
contributions  have  also  been  made  to  the  development  of  the  Backward  Wave  Oscillator, 
Crossed  Field  Amplifier  and  other  less  well  known  devices. 

Key  points  in  the  development  and  understanding  of  how  these  devices  work  are  touched  on, 
together  with  comment  on  areas  still  to  be  understood  and  explored. 


Introduction 

The  invention  of  the  Cavity  Magnetron  was  one  of  the  truly  great  events  in  history  -  it  was  also 
one  of  the  World’s  best  kept  secrets.  It  took  place  in  England  in  1940. 

Not  only  does  the  Magnetron  stand  alongside  other  great  inventions  like  the  telephone  and  the 
gramophone,  making  possible  a  great  technological  advance,  in  this  case  Radar,  but  it  occurred  at 
a  time  when  Ehtler’s  bombers  were  bearing  down  on  London  and  his  U-boat  wol^acks  were 
sending  millions  of  tons  of  shipping  to  the  bottom  of  the  ocean.  It  must  have  appeared  like  a  gift 
from  heaven.  The  Magnetron  could  not  stop  the  bombers  coming  but  it  could  tell  where  and  when 
and  allow  the  marshalling  of  precious  defences  in  the  most  effective  way. 

It  was  an  immense  achievement  which  was  given  special  recognition  -  but  only,  of  course,  after 
the  war  was  over. 


Split-Anode  Magnetrons 

Prior  to  1940  the  state-of-the-art  consisted  of  High  Frequency  Valves  (Tubes)  with  performance 
up  to  a  few  hundred  Mhz.  In  an  attempt  to  overcome  the  limitations  of  electron  transit  times 
between  grids  in  conventional  tubes,  work  at  higher  frequencies  had  shifted  to  modified  valves 
such  as  shown  in  Figure  1  -  known  as  Split-Anode  Magnetrons.  Several  groups  around  the  world, 
particularly  France,  United  States,  Russia,  Japan  as  well  as  England,  were  working  in  this  area.  As 
shown  in  Figure  1,  Spht-anode  Magnetrons  looked  like  valves,  glass  envelopes  and  filamentary 
bright-emitter  cathodes,  but  were  attempts  to  exploit  observations  of  strange,  high  frequency, 
spurious  oscillations.  Some  of  these  devices  were  based  on  variations  of  a  Cylindrical  Diode  in 
which  the  electrons  were  turned  by  an  axial  magnetic  field  to  move  past  gaps  in  the  anode  -  hence 
Spht  Anode  Magnetron. 
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By  the  beginning  of  1940  the  state-of-the-art  was  a  few  watts  at  SOcm  or  so  -  interesting  but  not 
spectacular. 

So  what  happened  in  1940  to  turn  a  few  watts  of  almost  spurious  radiation  into  lOOKW  of  well 
defined  signal  generated  by  a  concise  and  practical  device?  In  historical  perspective,  it  might 
appear  that  the  invention  occurred  in  one  bUnding  flash  of  inspiration.  In  re^ty  a  small  group  of 
dedicated  and  highly  motivated  collaborators  made  a  series  of  advances  over  a  short  period  of 
time  which  is  foreshortened  by  hindsight  to  give  the  impression  of  a  step  change  in  the  sate-of- 
the-art. 


Early  10cm  Cavity  Magnetrons 

Figure  2  shows  a  picture  of  the  original  10  cm  Cavity  Magnetron  invented  by  Randall  Mid  Boot  at 
Binmngham  University  in  England  in  1940.  This  device  operated  CW,  producing  about  400  watts 
of  rf  power  in  S-band.  It  was  continuously  pumped  and  worked  with  a  large  Electro-magnet. 

Within  a  year,  ECS  McGaw  working  at  the  Hirst  Research  Centre  of  the  GEC  at  Wembley, 
England  had  developed  the  device  shown  in  figure  3 . 

The  GEC  Magnetron  was  a  properly  engineered,  sealed-ofiF  device  which  operated  pulsed, 
generating  lOOKW  of  rf  power  with  good  efficiency  at  a  well  defined  fi-equency  around  9.6  cm 
wavelength. 

It  was  a  staggering  performance,  many  orders  of  magnitude  greater  than  had  been  achieved  before 
and  in  a  convenient  engineered  package  that  could  be  used  in  real  Radar  systems  in  the  field. 

It  was  this  device  that  was  brought  over  here  to  the  United  States  in  great  secrecy  in  1941  by  Sir 
Henry  Tizzard.  Since  then  the  work  carried  out  by  MIT  and  other  Organisations  in  the  US  has 
become  legend  and  the  development  of  Microwave  Tubes  has  gone  on  in  parallel  on  both  sides  of 
the  Atlantic  ever  since. 


Major  Components  of  the  Original  10cm  Magnetron 

The  great  achievement  of  Randall  and  Boot  was  the  creation  of  the  solid  copper,  hole  and  slot  rf 
circuit.  I  believe  they  saw  it  as  a  series  of  strongly  coupled  resonators.  The  drilling  jig  for  this  first 
Cavity  Magnetron  block  was  the  cartridge  chamber  of  a  colt  revolver  and  so  had  six  segments. 
Slots  were  cut  into  the  holes  with  dimensions  chosen  such  that  the  resonance  firequency  could  be 
calculated  using  the  gap  as  a  capacitor  and  the  hole  as  an  inductor. 

The  Randall  and  Boot  device  had  a  filamentary  cathode  and  the  electrons  were  constrained  to 
rotate  past  the  gaps  formed  by  the  slots  in  the  anode  block  by  the  combined  action  of  the  axial 
magnetic  field  and  radial  electric  field  and  so  could  interact  with  the  resonant  signals  on  the  rf 
circuit.  They  coupled  the  rf  power  out  of  the  block  by  means  of  a  coaxial  coupling  loop. 
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— First  British  10-cm  magnetron. 


FIGURE  2:  ORIGINAL  BRITISH  lOCM  CAVITY  MAGNETRON 


The  El  169,  the  Wembley  development  of  the  magnetron. 


FIGURE  3:  El  189,  lOCM  MAGNETRON  -  EARLY  PRODUCTION  VERSION 
(REF  2) 
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ECS  McGaw  at  the  Hirst  Research  Centre  of  the  GEC  (2)  immediately  recognised  the  potential  of 
the  new  circuit  both  as  an  rf  structure  and  as  a  means  of  forming  the  vacuum  envelope  of  the 
device,  making  it  more  practical  to  mount  in  the  magnet.  He  also  possessed  the  engineering  and 
vacuum  technology  to  make  a  sealed  off  device. 

McGaw’ s  crucial  development  was  the  introduction  of  the  large  diameter  oxide  cathode  which 
had  been  developed  by  the  French. 

Whether  ECS  McGaw  knew  that  the  cathode  was  an  important  element  in  forming  the  rf  Slow- 
wave  Structure  as  we  would  call  it  today,  is  debatable.  \^at  he  did  know  was  that  much  better 
thermionic  electron  emission  was  required  to  sustain  high  power  generation,  but  even  he  could 
not  have  foreseen  the  amazing  improvement  in  emission  afforded  by  the  oxide  cathode  under 
pulsed  conditions  of  less  than  about  1  microsecond,  aided  by  what  became  known  as  secondary 
back  bombardment  of  the  cathode. 

McGaw  also  increased  the  number  of  segments  from  6  to  8  and  produced  the  sealed-off  device  of 
design  adequate  for  production,  then  added  a  permanent  magnet. 

Randall  and  Boot  were  credited  with  the  invention  of  the  Cavity  Magnetron.  Certainly  they  made 
crucial  advances  but  it  can  fairly  be  said  that  McGaw  designed  an  made  the  Magnetron  that  really 
worked. 

A  few  months  later,  Sayer,  also  of  Birmingham  University,  made  a  fiirther  advance  with  the 
introduction  of  straps  linking  alternate  segments  that  greatly  improved  the  frequency  stability  of 
the  device. 

Figure  4  shows  the  major  features  of  the  early  production  Magnetrons  -  the  cavities,  slots,  output 
loop,  straps,  cathode  and  support  side  arm,  heater.  The  magnetic  field  is  axial  and  provided  by  an 
external  permanent  magnet. 


Principles  of  Operation 

The  Magnetron  was  invented  not  designed.  The  early  workers  had,  at  best,  a  very  limited 
theoretical  understanding  of  how  the  device  worked.  They  advanced  by  experimentation, 
observation  and  the  development  of  intuitive  understanding  rather  than  theoretical  calculation.  In 
fact,  one  might  conclude  that,  had  they  known  how  theoretically  complicated  the  device  was,  they 
would  never  have  started. 

The  following  is  a  list  of  the  main  principles  of  operation  of  the  Magnetron  which  were  to  occupy 
enormous  effort  over  subsequent  years  up  to  the  present  time  in  the  understanding,  expansion, 
clarification,  refinement  and  application  to  a  whole  range  of  devices  flowing  down  from  these 
beginnings. 

•  Resonance;  Coupled  Cavities  or  Slow  Wave  Structures 

•  Phase  and  Group  Velocity 
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— Cross-sectional  views  of  typical  magnetron 


FIGURE  4:  CROSS-SECTION  OF  HOLE  AND  SLOT  MAGNETRON  SHOWING 
MAJOR  COMPONENTS  (COLLINS  REF  1) 
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•  Mode  Separation  and  Competition 

•  The  Properties  of  the  Rotating  Crossed-field  Electron  Beam 

•  Synchronism,  Cumulative  Interaction 

•  Phase  Focusing 

•  Start-up:  Noise,  Growth,  Saturation 

Figure  5  shows  an  anode  block,  this  time  showing  the  fields  generated  in  the  pi-mode  resonance 
with  associated  charges,  currents  and  magnetic  fields. 

The  circuit  is  a  re-entrant  and,  therefore,  resonant  structure  but  if  it  were  broken  and  opened  out 
it  would  form  what  we  now  call  a  Slow-wave  Structure  -  a  structure  that  will  propagate  an 
electromagnetic  wave  at  a  velocity  small  compared  with  that  of  light  and  which  wiQ  present 
flinging  rf  fields  in  a  format  that  can  be  influenced  by  an  electron  beam  passing  close  to  the 
circuit.  Much  work  has  been,  and  continues  to  be  done  in  this  area  depending  on  the  application, 
strapped  vane,  rising  sun,  interdigital,  modified  helix,  coaxial  cavity,  loaded  structures,  meander 
lines  and  ladder  lines  etc. 

Figure  6  shows  an  omega-beta  diagram  or  Dispersion  Curve,  a  very  useful  tool  for  describing  a 
Slow-wave  Circuit  and  electron  beam  interaction.  Basically,  this  diagram  shows  frequency  on  the 
vertical  scale  and  wave  number  on  the  horizontal.  A  totally  non-dispersive  structure  like  a  perfect 
helix  would  have  a  straight  line  through  the  origin  with  phase  velocity  equal  to  the  group  velocity 
equal,  in  turn,  to  a  fi'action  that  of  light. 

Real  structures  have,  or  are  designed  to  have,  non-linear,  dispersive  characteristics  like  the  one 
shown  in  figure  6  for  a  strapped  magnetron  block. 

At  any  given  frequency,  the  wave  propagating  down  the  structure  is  composed  of  a  Fourier  Series 
of  Space  Harmonics  as  intercepted  by  a  horizontal  line.  The  phase  velocity  is  represented  by  the 
slope  of  the  line  through  the  origin  and  the  Group  velocity  by  the  gradient  at  that  point. 

A  mode  is  composed  of  all  the  space  harmonics  with  the  same  group  velocity.  However,  for 
interaction  to  take  place,  it  is  only  necessary  for  the  electron  beam  to  travel  synchronously  with 
any  one  of  the  space  harmonics. 

It  can  now  be  seen  that  the  great  advance  of  strapping,  as  an  example,  was  the  lowering  of  the 
frequency  of  the  pi-mode  of  oscillation  to  the  point  that  it  was  the  first  fundamental  space 
harmonic  available  for  interaction  with  the  beam  as  it  switches  on. 

In  a  CFD,  electrons  drawn  off  the  cathode  by  the  voltage  applied  between  anode  and  cathode  are 
turned  by  the  axial  magnetic  field  and  would,  in  isolation,  describe  cycloidal  paths  back  to  the 
cathode  according  to  classical  theory.  In  practice,  there  are  a  very  large  number  of  electrons 
available  from  the  cathode  and  the  space  charge  they  represent  severely  modifies  the  picture. 

One  idealised  solution  evolved  by  Buneman  is  described  in  figure  7  and  is  particularly  helpful  in 
understanding  how  devices  work. 
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PATTERNS  (COLLINS  REF  1) 
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The  Buneman  solution,  when  applied  to  a  re-entrant  magnetron  shows  a  rotating  beam  of 
electrons  with  zero  angular  velocity  at  the  cathode  surface,  increasing  to  the  outer  edge  of  the 
beam  which  is  determined  by  the  magnitude  of  the  applied  voltage.  The  appropriate  space  charge 
density  is  also  shown  -  highest  at  the  cathode,  slowly  dropping  off  towards  the  outer  edge.  In  a 
properly  designed  magnetron,  the  angular  velocity  of  the  outer  edge  of  the  beam  is  arranged  to  be 
equal  to  the  angular  rate  of  rotation  of  the  beam  on  the  circuit  -  Synchronism  -  the  condition  in 
which  Cumulative  interaction  can  take  place. 

Actually,  the  crossed-field  beam  is  not  well  behaved  but  becomes  spontaneously  very  noisy.  This 
is  one  of  the  areas  which  proved  most  intractable  to  analytical  solution  and  is  the  subject  of  on¬ 
going  research. 

Note,  the  Magnetron  operates  in  a  Cut-off  condition. 

Phase  Focusing  -  Spokes:  once  synchronism  has  been  established  in  a  CFD  and  interaction  has 
started,  other  very  interesting  mechanisms  take  over  -  selective  removal  of  unfavourable  electrons 
and  Spoke  formation.  The  process  is  illustrated  in  Figure  8, 

Electrons  that  happen  to  be  emitted  in  the  wrong  phase  are  accelerated  by  the  wave  and 
immediately  removed  from  the  interaction  by  the  action  of  the  magnetic  field.  Much  of  this 
energy  is  returned  to  the  cathode  or  sole  and  lost  in  the  form  of  heat.  Electrons  which  happen  to 
be  in  the  retarding  phase  with  respect  to  the  circuit  wave  are  slowed  down  and  drift  out  to  the 
anode  down  the  potential  gradient  giving  up  energy  to  the  wave  as  they  go  -  conversion  of 
potential  energy  into  rf  energy.  Furthermore,  as  the  electrons  slow  or  accelerate  they  experience 
restoring  forces  that  focus  the  beam  into  structures  like  the  rotating  spokes  of  a  wheel  -  Phase 
Focusing. 

Spokes  are  a  highly  non-linear  phenomenon  not  readily  handled  analytically  and  have  occupied 
much  effort  to  understand.  The  work  is  on-going  as  several  of  the  papers  in  these  Proceedings 
demonstrate.. 

At  switch-on  of  a  CW  device  and  on  each  pulse  of  a  pulsed  device,  a  CFD  starts  to  work 
spontaneously.  The  process  is  interesting.  In  the  case  of  the  Magnetron  the  device  springs 
spontaneously  and  very  rapidly  into  oscillation,  indicating  the  presence  of  strong  gain  and 
feedback  mechanisms. 

Figure  9  indicates  the  main  elements  of  the  growth  process.  On  the  application  of  a  voltage,  the 
crossed  field  beam  drawn  out  from  the  cathode  becomes  instantaneously  very  high-level  noisy  due 
to  its  inherent  instability  -  a  phenomenon  worthy  of  on-going  research.  The  noise  generated  in  the 
beam  excites  a  noise  signal  on  the  rf  circuit  which  can  be  seen  as  a  narrow  band  resonant  probe  - 
Starting  noise. 

Once  synchronism  has  been  achieved,  interaction  and  linear  growth  occur  as  shown  by  the  straight 
line  on  the  log  curve. 
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FIGURE  8:  PHASE  FOCUSSING  -  SPOKES  (COLLINS  REF  1) 
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FIGURE  9:  START  OF  OSCILLATION  -  RF  POWER  GROWTH  IN 
MAGNETRONS  (REF  3) 
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At  high  signal  level,  non-linear  effects  take  over,  as  they  must,  and  the  interaction  saturates; 
saturation  occurs  over  the  final  lOdB  of  growth.  This  region  is  also  a  difficult  process  to  describe 
and  has  been  the  subject  of  long-term  and  on-going  research. 

The  variation  in  the  amplitude  of  the  noise  signal  on  the  circuit  from  pulse  to  pulse  is  the  well 
understood  source  of  pulse  to  pulse  jitter  (3). 


CFD  Evolution  Tree 

The  paper  started  by  describing  the  Early  Magnetrons.  It  may  be  enlightening  to  consider  how  the 
development  of  CFDs  has  progressed  since  then  -  it  is  a  amazing  success  story. 

Figure  10  shows  a  simple  Evolution  Tree  -  we  could  make  it  much  more  detailed  but  this  is 
nonetheless  informative. 

Crossed-field  Backward  Wave  Oscillators  were  developed  strongly  in  the  UK,  France  and  US  in 
the  50/60S  because  of  their  effectiveness  as  relatively  broadband,  high  power,  electronically  tuned 
Oscillators  in  he  L-S-C-  X  and  Ku-bands,  mainly  for  military  EW  applications.  High  Power  TWTs 
have  now  largely  taken  over  these  functions  but  I  understand  that  very  high  performance  devices 
are  available  and  still  being  developed  in  Russia. 

Crossed  field  Amplifiers  have  been  developed  in  many  forms,  FWA,  BWA,  Amplitrons  etc  even 
against  competition  from  truly  linear  broadband  TWTs,  because  of  the  relative  small  size,  high 
efficiency,  low  voltage  and  phase  linearity  that  they  can  produce.  However,  nearly  all  this  work 
has  occurred  in  the  US,  work  in  UK  being  limited  to  a  very  few  specialised  devices. 

Much  work  was  carried  out  in  the  60/70s  in  pursuit  of  circuitless  amplifiers  based  on  the 
Diocotron  effect  -  the  instability  of  crossed-field  beams  with  velocity  gradients  but  to  the  best  of 
my  knowledge  they  never  developed  into  usable  devices.  This  is  possibly  an  area  that  should  be 
revisited  in  the  light  of  modem  capability  to  analyse  dense  crossed-field  beams  and  the  advent  of 
powerfiil  computers. 

MILO  is  interesting  as  a  relativistic  generator  of  super  high  rf  power. 


Range  of  Performance 

In  Europe,  UK  in  particular,  the  major  success  story  has  been  in  the  development  and 
proliferation  of  magnetrons  and  its  derivatives.  These  devices  have  been  the  workhorse  for  the 
generation  of  rf  power  in  many  applications  affecting  all  our  lives. 

The  concept  has  proved  immensely  flexible.  Magnetrons  having  been  designed  to  operate  over  a 
huge  range  of  performances  as  highlighted  below. 
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CFD  Evolution  Tree 


•  Power:  1  watt  to  1  gigawatt 

•  Duty:  monopulse  to  CW 

•  Frequency:  1-lOOGHz 

•  Size:  few  grammes  to  very  large 

•  Tunability:  fixed  frequency  to  50% 

•  Speed  of  tuning:  fixed  to  instantaneous 

•  Warm-up  time:  down  to  sub-second 

•  Environment:  missile  rugged 

•  Stability:  highly  stabilised 

•  Life:  up  to  50,000  hrs 

Magnetrons  have  been  made  with  rf  output  powers  from  1  watt  to  several  Gigawatts.  The 
smallest  magnetron  I  am  aware  of  produced  200  watts  peak  in  X-band  and  weighed  only  50  grms. 
The  device  had  excellent  frequency  stability,  low  inter-line  noise  and  featured  a  rugged  directly 
heated  cathode  capable  of  sub-second  switch-on  times.  By  contrast,  the  largest  cavity  magnetron 
being  produced  in  the  UK  at  present  is  the  !0  MW  S-band  Boot  Magnetron  used  with  separate 
solenoid  for  medical  LINAC  applications.  However,  much  larger  devices  have  been  made  in  the 
past.  There  were  reports  from  Russia  at  one  time  of  a  500MW  device  working  on  relativistic 
principles.  More  recently,  MILO  devices  have  been  developed  generating  rf  power  in  excess  of 
IGW. 

Magnetrons  are  currently  made  in  the  UK  from  1  GHz  to  100  GHz.  An  example  of  the  former  is 
the  EEV  long  anode  radar  magnetron  producing  2  MW  pulses.  At  the  other  extreme,  devices  are 
made  with  rising  sun  circuits  at  90GHz  for  radar  modelling  applications. 

Clearly  Magnetrons  are  extremely  effective  and  efficient  generators  of  short  microwave  pulses, 
hence  their  use  in  marine,  ground,  airborne  and  weather  radar  applications.  At  the  other  extreme, 
they  can  be  designed  as  very  efficient  mean  power  rf  generators.  Countless  millions  of  these 
devices  are  installed  around  the  world  in  domestic  and  industrial  microwave  cookers  and  heaters. 
Powers  range  from  a  few  hundreds  watts  mean  to  many  Kilowatts. 

High  frequency  stability  and  very  long  life  has  been  achieved  through  coaxial  magnetron  designs 
in  which  an  external,  high  Q  cavity  is  utilised  to  tailor  the  characteristics  of  the  rf  circuit  and 
loading. 

In  recent  times  there  has  been  important  development  of  the  pulsed  magnetron  as  a  low  voltage, 
narrow-band,  saturated  amplifier  for  missile  seeker  applications.  These  devices  are  used  a  phase- 
locked  amplifiers  with  a  few  percent  bandwidth  and  very  quick  warm-up.  They  have  the  additional 
advantages  of  being  very  smdl  and  lightweight  and  relatively  inexpensive. 

For  completeness  here  is  a  list  of  the  applications  served  by  magnetrons.  It  is  certainly  not 
comprehensive  but  serves  to  emphasise  the  great  flexibility  of  the  magnetron  concept. 

Ground  Radar  Weather  Radar  MTI  Fusion 

LINAC  Beacons  Marine  Radar  Scientific 

IFF  Seekers 
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Research  and  Development 

Although  clearly  mature,  CFDs  continue  to  be  developed,  better,  lighter  magnets,  wider  tuning 
elements,  greater  frequency  agility,  better  phase-locked  performance,  higher  power  and  more 
stable  performance  and,  of  course,  longer  hfe.  Development  continues  in  different  sorts  of  device 
eg  Milo, 

At  long  last  computers  are  starting  to  unravel  some  of  the  mysteries  and  complexities  of  dense 
crossed-field  beam.  It  is  likely  that  further  advances  will  result  from  the  improved  understanding 
derived  from  the  computer  modelling  of  devices  which  have  been  beyond  our  capability  for 
analytical  treatment. 

So  where  do  CFDs  go  from  here? 

•Firstly  they  will  continue  to  be  used  widely  as  the  most  efficient  high  power,  rf  generators. 

•They  will  continue  to  be  developed  and  modified  to  meet  specific  needs  and  appHcations. 

•Newer  devices  such  as  MILO  will  emerge. 

•There  remain  important  areas  where  more  advanced  knowledge  and  research  should  pay 
dividends.  These  include, 

a)  the  understanding  of  noise  generation  in  the  crossed  field  beam. 

b)  the  use  of  the  crossed-field  beam  as  a  signal  amplifier  in  circuitless  amphfiers. 

c)  the  understanding  and  control  of  the  saturation  characteristics  of  the  crossed  field  beam. 

d)  control  of  back-bombardment. 

With  the  above  come  the  prospects  for  lower  noise  amplifiers,  improved  second  order 
performance,  higher  mean  power  devices  through  reduction  of  backbombardment  power,  longer 
life  and  possibly  a  new  class  of  circuitless  amplifiers. 
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Abstract 


The  magnetron  tubes  that  are  so  widely  used  in  today’s  microwave  ovens  and  radars  evolved 
from  experimental  laboratory  studies  in  the  1920’s  and  1930’s.  Demand  for  higher  power, 
higher  frequency  radars  in  WW  II  stimulated  development  of  more  practical  versions. 
British,  U.S.  and  Japanese  scientists  rapidly  achieved  remarkable  performance,  having  a 
major  impact  on  the  war.  Special  magnetrons  have  been  created  for  applications  far  beyond 
the  original  concepts:  jamming  IFF,  navigation,  altimetry,  weather  mapping,  air  traffic 
control,  frequency  agility,  industrial  heating  and  food  processing.  It  is  interesting  to  review 
the  circumstances  and  the  innovations  which  made  these  amazing  results  possible. 


Uses  and  Advantages 

Magnetron  history  dates  back  to  at  least  1921,  when  A.  V.  Hull  reported  on  his  investigations  of 
microwave  oscillations  in  a  cylindrical  diode,  which  consisted  of  nothing  more  than  a  cylindrical 
anode  with  a  centrally  located  cathode  wire  emitting  electrons  that  passed  through  a  magnetic 
field  on  their  way  to  the  anode,  all  within  a  vacuum  enclosure.  From  this  modest  beginning  has 
sprung  an  industry  with  far-reaching  capabilities  that  influence  our  lives  more  than  most  of  us 
realize  (see  Table  1): 


Table  1 .  Typical  Magnetron  Applications 


Air  Traffic  Control  and  Small  Boat  Radars 
Search  and  Navigation  Radars;  MTI 
Altimeters;  Beacons;  IFF 
Weather  Radar 

Terrain  Following  and  Fire  Control  Radars 
CW  Doppler  Radars 


Missile  Systems 
Jamming 

Medical  Diathermy 
Industrial  Processing 
Microwave  Cooking 


The  popularity  of  magnetrons  is  largely  due  to  their  high  efficiency  in  converting  DC  or  pulsed 
input  power  to  useful  rf  output  power.  Conversion  efficiencies  of  40  to  60  percent  are  common, 
with  some  tubes  even  achieving  85  percent.  This,  combined  with  compact  size,  low  weight, 
reasonable  operating  voltage,  relatively  low  cost,  and  adaptability  to  a  variety  of  operating 
conditions,  provides  characteristics  which  have  made  magnetrons  a  favored  choice  as  the  rf 
power  source  for  many  important  microwave  systems. 
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Early  Development 


Throughout  the  1920’s  and  early  1930’s  magnetron  studies  progressed  from  Hull’s  cylindrical 
diode  through  series  of  split- anode  and  resonant  circuit  designs  (see  Figure  1).  Various  modes, 
rf  field  patterns  and  types  of  interaction  between  the  electron  flow  and  the  rf  fields  were  also 
explored.  Theoretical  analyses  of  performance  were  generated  and  hardware  models  capable  of 
delivering  power  output  at  microwave  frequencies  were  produced  in  several  countries,  including 
England,  the  U.S.,  Russia  and  Japan.  However,  most  devices  had  low  efficiency  (1  to  10 
percent)  and  were  limited  by  unwanted  spurious  modes  of  oscillation  [1]  [2]  [3], 

World  War  II  created  the  impetus  for  accelerated  development  of  higher  power  microwave 
sources  for  radar  systems.  England  had  already  deployed  low  frequency  radars  for  coastal 
defense,  but  needed  higher  power,  higher  frequency  systems  to  improve  target  discrimination. 
In  November  1939,  scientists  at  Birmingham  University  devised  a  six-cavity  magnetron  [4], 
adapted  from  the  recently  reported  Varian  klystron  cavity  format.  The  first  tube  was  tested  on 
February  21,  1940,  soon  amazing  everyone  with  a  power  output  of  400  watts  CW  at  9.8  cm 
wavelength.  Moreover,  in  contrast  with  earlier  designs,  tests  soon  disclosed  it  could  be  pulsed 
up  to  about  10  kilowatts  output,  making  a  new  generation  of  radars  possible.  The  tube  (Figure 
2)  required  extensive  machining  of  the  copper  resonant  cavities,  for  which  England  was  unable 
to  divert  its  manufacturing  capabilities  from  other  wartime  demands.  A  sample  was  brought  to 
the  U.S.  in  great  secrecy  in  November  1940  to  enlist  manufacturing  assistance.  The  U.  S.  Naval 
Research  Lab.,  Bell  Labs.,  Western  Electric,  M.I.T.  Radiation  Lab.  and  Raytheon  Company  were 
principals  in  this  effort,  with  Raytheon  ultimately  producing  over  70  percent  of  the  magnetrons 
used  by  Allied  radars  in  WWn. 


Figure  1 .  Early  Experimental  magnetrons 

-  Hull  1921  cylindrical  diode. 

-  Split  anodes;  rf  circuits  added 
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Figure  2.  First  British“All  Metal” 

Six  Cavity  Magnetron 
-  As  tested  February  21,  1940. 


Innovations  and  Refinements 


Many  contributions  were  made  by  laboratory  and  industry  scientists  to  extend  magnetron 
performance,  by  both  theoretical  design  interpretation  and  empirical  hardware  observation  [5] 
[6].  A  few  highlights  representing  major  improvement  areas  are  mentioned  here.  As  early  as 
mid- 1940  it  was  found  that  unwanted  rf  field  configurations,  or  modes,  could  be  suppressed  by 
tying  alternate  vane  tips  of  the  rf  system  together  with  wires  (called  straps).  This  enhanced 
operation  in  the  desired  “pi  mode”  (180  degrees  phase  shift  between  vane  tips),  and  separated 
other  modes  away  from  it  in  frequency  and  operating  voltage.  Efficiency  was  quickly  improved 
to  about  30  percent  in  S-band  tubes,  and  the  upper  current  boundary  for  stable  operation  was 
increased.  Magnetrons  were  soon  running  at  100  kW  peak  power  output. 

As  tubes  were  scaled  to  higher  operating  frequencies,  however,  such  as  X-  and  Ku-band,  the 
straps  became  too  small  and  produced  large  rf  losses,  reducing  efficiency.  Another  technique, 
designated  the  “rising  sun”  anode,  was  employed  for  these  higher  frequencies.  This  involved 
alternating  large  and  small  resonant  cavities  around  the  anode  circuit,  rather  than  having  all  the 
same  size.  Unwanted  modes  were  split  into  “families”  and  separated  away  from  the  desired  pi 
mode.  Columbia  Radiation  Lab.  concentrated  on  this  approach  and  eventually  had  tubes  capable 
of  1  megawatt  at  X-band,  and  at  least  50  kW  at  Ka-band. 

Significant  design  improvements  were  also  made  in  many  other  areas,  of  course.  The  early 
barium  and  strontium  oxide  coated  cathodes  were  replaced  in  some  tubes  by  higher  temperature 
thoria  cathodes,  able  to  withstand  higher  power  levels  and  more  severe  electronic  “back 
bombardment”.  Later,  in  the  1960’s,  the  dispenser  cathode  was  introduced,  consisting  of  a 
sintered  tungsten  porous  base  impregnated  with  barium  aluminate.  The  barium  was  slowly 
released  at  normal  elevated  operating  temperatures  to  replenish  the  emitting  surface,  prolonging 
life.  This  style  of  cathode  has  become  a  standard  in  various  other  microwave  tubes  as  well. 

Alumina  ceramics  replaced  glass  for  high  voltage  input  bushings  and  rf  output  windows.  These 
provided  more  rugged  structures  for  better  tube  reliability  in  field  use,  and  appeared  in 
production  versions  starting  in  the  early  1950’s.  Another  important  advance  was  the 
introduction  of  “packaged”  magnetrons  during  the  early  1940’s.  The  magnetic  circuit  was 
generally  separate  from  the  tube  itself  in  the  original  models.  By  making  a  permanent  magnet 
that  was  attached,  or  integral  with  the  tube,  overall  weight  was  appreciably  reduced,  often  by  10 
pounds  or  more. 

Frequency  tuning  was  first  added  to  production  magnetrons  by  introducing  a  movable  element  in 
the  vane  tip  region  of  the  resonant  cavities,  in  some  cases  mounted  above  or  entering  between 
the  vane  tips,  and  in  others  entering  between  the  straps,  to  alter  the  capacitance  of  the  resonant 
circuit.  Later,  a  group  of  cylindrical  pins  was  employed,  entering  the  outer  (inductive)  portion  of 
the  cavities.  This  had  the  advantage  of  operating  in  an  area  of  lower  rf  voltage  than  the 
capacitive  tuners.  It  was  more  suitable  for  high  power  tubes  for  there  was  less  likelihood  of  rf 
arcing,  though  generally  requiring  a  greater  tuner  stroke  for  an  equivalent  tuning  range. 
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Commencing  about  1960,  rotary  tuners  were  developed  to  provide  high  speed  frequency  agility 
for  some  radars.  A  segmented  disc  was  suspended  over  the  cavities  and  rotated  by  magnetic 
coupling  through  the  vacuum  wall.  The  concept  was  originated  by  the  Philips  company  in 
Europe,  and  was  used  in  a  number  of  European  radars,  and  in  some  Japanese  systems,  but  never 
gained  popularity  in  the  U.S.  Tuning  ranges  for  all  these  techniques  are  typically  about  10 
percent  of  the  operating  frequency. 

Voltage  tunable  magnetrons  have  been  promoted  by  General  Electric  Company  and  Mictron 
Company  in  the  U.S.  By  proper  selection  of  the  rf  circuit  and  controlling  the  electronic  space 
charge,  including  injection  of  an  electron  stream  from  the  end  space  into  the  interaction  region 
of  the  tube,  tuning  over  frequency  ranges  as  wide  as  an  octave  can  be  achieved.  The  “VTM” 
designs  are  principally  CW  versions,  and  are  useful  for  ECM,  signal  sources,  etc.,  at  power 
levels  ranging  from  a  few  watts  up  to  100  watts. 

The  contributions  made  in  theoretical  analysis  of  magnetron  performance  by  numerous  scientists 
had  a  major  influence  on  tube  development.  Hull  [7],  Hartree,  Reike,  and  many  others  provided 
a  foundation  for  understanding  performance  characteristics  and  for  extending  designs  into  new 
areas.  The  advent  of  the  computer  was  also  important,  enabling  design  equations  to  be 
programmed  for  rapid  optimization  of  new  tubes  and  reducing  the  number  of  experimental 
hardware  samples  needed  to  meet  new  requirements. 

Perhaps  the  greatest  breakthrough  was  the  invention  of  the  “coaxial  magnetron”  by  J.  Feinstein 
[8]  at  Bell  Labs,  in  1958.  Figure  3  shows  a  125  kW  Ku-band  tube  of  this  design,  type  7208, 


Figure  3.  “Coaxial  Cavity  Magnetron”;  125  kW,  15.5  -  17.5  GHz. 

-  Invented  by  J.  Feinstein,  Bell  Labs,  for  improved  frequency  stability  and  life. 
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with  a  TEOll  mode  cavity  surrounding  the  vane/cavity  structure,  coupled  to  it  by  slots  in  the 
outer  wall  of  alternate  cavities.  Increased  energy  storage  and  stabilization  from  this  added  cavity 
raised  overall  efficiency,  improved  frequency  stability  and  rf  spectrum  quality,  and  increased 
tube  life.  Stable,  efficient  operation  was  now  possible  with  resonant  circuits  having  30  or  more 
vanes.  Anode  and  cathode  surface  areas  could  be  much  larger,  reducing  their  power  densities 
and  also  the  electronic  emission  demands  from  the  cathode.  Frequency  tuning  is  accomplished 
in  this  case  by  varying  the  height  of  the  TEOll  cavity,  by  moving  one  end  plate  up  and  down. 
The  7208  design  can  tune  14.5  to  17.5  GHz.  During  the  1960’s  most  of  the  major  U.S. 
manufacturers  developed  families  of  coaxial  magnetrons,  ranging  from  S-band  to  Ka-band 
frequencies.  With  different  styles  of  tuner  actuators  applied,  such  as  “voice  coil”  tuners 
(introduced  by  Litton),  motor/cam  tuners,  and  the  Varian  “Accutune”  system,  frequency  agility 
became  possible,  and  was  utlized  in  many  military  radars  such  as  the  Texas  Instruments  airborne 
units. 

Conventional  type  magnetrons  remain  popular  for  a  number  of  applications,  especially  at  the 
lower  frequencies,  where  the  increased  size  and  cost  of  the  coaxial  cavity  tubes  becomes 
prohibitive.  Also,  at  the  lower  frequencies  the  size  of  conventional  anodes  and  cathodes 
becomes  large  enough  to  provide  adequate  performance  and  life  for  many  uses  (various  classes 
of  radars,  microwave  cooking,  etc.).  Magnetrons  have  varied  in  size  from  beacon  tubes 
weighing  only  a  few  ounces  to  a  production  model  weighing  220  pounds,  delivering  2 
megawatts  at  420  to  450  MHz  for  use  in  radar  picket  planes. 

Other  Foreign  Magnetron  Activities 


Japanese  scientists  were  actively  studying  magnetrons  as  early  as  the  mid-1920’s.  By  the  late 
1930’s  they  had  built  tubes  with  performance  rivaling  that  of  tubes  from  Western  countries.  Two 
post-war  papers  by  Dr.  Nakajima  of  Japan  Radio  Company  [9]  [10]  offer  considerable  detail  on 
the  history  of  Japanese  magnetron  development.  Extracts  from  these  papers  are  presented  in 
Table  2  and  Figures  4  and  5.  It  is  stated  that  a  successful  “rising  sun”  magnetron  was  tested  in 
1937,  though  the  term  was  sometimes  applied  to  what  we  would  call  a  uniform  “vane  type” 
resonant  structure  (see  Figure  4)  with  all  cavities  the  same  size.  In  1939  a  500  watt  CW,  10  cm. 
tube  was  demonstrated,  actually  predating  the  first  practical  British  tube  (Figure  2)  by  a  few 
months.  During  the  1941-1942  period,  operating  models  were  running  at  5  cm.  and  2.2  cm. 
wavelengths.  There  was  even  a  Super  Power  Program  for  high  power  CW  tubes,  aimed  at 
disabling  the  electronic  circuits  of  enemy  planes  and  ships. 

Table  2:  Japanese  Magnetron  History 
(Per  Dr.  Nakajima,  New  Japan  Radio  Co.) 


1927 

1932 

1937 

1939 

1941 

1941 


Split  anode  magnetron  -  Dr.  Okabe,  Tohoku  Univ. 

Radar  reflection  reports  spurred  magnetron  research  -  Dr.  Ito,  NTRI. 
“Mandarin”  8  slot/cavity  tube  invented  -  Naval  Tech.  Research  Inst. 
“Rising  sun”  500  W.  CW,  10  cm.,  8  cavity  tube  -  Japan  Radio  Company 
“Rising  sun”  7  kW  peak,  9.9  cm.  8  cavity  tube  to  Production  -  JRC 
“Rising  sun”  Local  oscillator  magnetron  to  Production  -  JRC 
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1941 

1942 
1942  -  44 
1942  -  44 


“Rising  sun”  60  kW  peak,  5  cm.,  10  cavity  tube  -  Japan  Radio  Company 
12  Slot/cavity  70  kW.  peak,  2.2  cm.  tube  -  Japan  Radio  Company 
Super  Power  Program  -  20  KW.  CW,  15  cm.  developed  -  JRC 
Super  Power  Program  -  100  KW.  CW.,  20  cm.  developed  -  JRC 


The  diagrams  of  Figure  4  illustrate  some  of  the  types  of  anode  resonant  circuits  tested  by  the 
Japanese  in  their  early  magnetron  work.  They  include  uniform  vane-type  systems,  hole-and-slot, 
strapping,  and  a  modified  “rising  sun”  structure  (called  “Mandarin  Orange”).  Photographs  of 
the  tubes  reveal  that  many  were  mounted  in  glass  envelopes,  as  seen  in  the  2.2  cm.  tube  of 
Figure  5.  Machining  facilities  for  making  all-metal  tubes  were  scarce  in  Japan,  as  they  were  in 
England  in  the  early  1940’s,  and  the  resulting  models  were  not  particularly  well  suited  for  rugged 
field  use.  Moreover,  the  Japanese  military  agencies  did  not  fully  appreciate  the  usefulness  of 
radars  or  magnetrons  to  power  them,  according  to  Dr.  Nakajima.  Thus,  although  the  early 
experimental  work  had  advanced  quite  significantly,  the  actual  field  deployment  and  utilization 
of  military  radars  by  the  Japanese  lagged  behind  that  of  the  Allied  nations. 
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Figure  4.  Early  Japanese  Anode  Resonant  Systems  for  Magnetrons 

Magnetron  research  was  also  being  conducted  in  Russia  during  the  early  years,  as  evidenced  by 
some  published  papers  [11].  During  WW  II  this  effort  fell  behind  that  of  other  countries,  but 
recovered  in  following  years  to  produce  some  very  useful  devices.  Russia  had  provided  third- 
world  countries  with  military  systems  for  their  self  defense  during  the  1970’s.  For  various 
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reasons  those  countries  were  unable  to  procure  replacements  for  failed  components.  U.S. 
agencies  were  requested  to  have  U.S.  companies  manufacture  duplicates  of  the  components, 
including  magnetrons,  to  restore  the  systems  to  full  use.  This  activity  [12],  performed  in  the 
early  1980’s,  afforded  an  opportunity  to  evaluate  performance  of  Russian  magnetrons.  Most 
were  of  an  older  design  period,  of  course.  Several  C-band  600  kW.  tubes,  and  80  to  100  kW.  X- 
band  tubes  were  produced,  as  well  as  low  power  data-link  versions.  Hole-and-slot  rising  sun 
designs  were  commonly  employed,  with  inductive  tuning  fingers  in  both  the  large  and  small 


Figure  5.  Japanese  16  Vane  Magnetron 
(1941-42);  2.6  cm,  50  kW  pk.  output. 


Figure  6.  Early  (1947)  Raytheon 
Microwave  Oven  for  Restaurants. 


cavities.  In  the  lower  frequency  tubes  there  were  also  strapped  vane  structures  bearing  a 
similarity  to  U.S.  C-band  designs.  The  interior  workmanship,  machining  finishes,  and  parts 
alignment  were  generally  very  good,  as  was  the  electrical  performance.  Less  attention  was 
devoted  to  weight  optimization  and  exterior  “customer  appeal”  than  in  comparable  products  of 
Western  countries.  Subsequent  to  the  1950’s  their  design  capability  caught  up  with  that  of  the 
Western  countries,  so  that  by  the  end  of  the  1960’s  it  might  be  considered  equal  in  many 
respects,  and  in  certain  areas  exceeded  that  of  the  West. 

Commercial  Uses  of  Magnetrons 

Following  World  War  II  there  was  interest  in  promoting  magnetrons  for  commercial 
applications.  There  were,  of  course,  air  traffic  control  radars  and  small  boat  radars  produced  as 
an  obvious  outgrowth  of  the  military  systems.  However,  other  uses  also  were  found  which  had 
not  been  originally  predicted.  In  the  late  1940’s  Raytheon  Company  began  delivering  medical 
diathermy  equipment  to  hospitals  and  doctors  offices,  to  feed  limited  microwave  power  into 
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patients  muscles  and  joints  for  therapeutic  purposes.  CW  rf  power  of  up  to  80  watts  at  2450 
MHz  was  utilized.  However,  because  of  the  difficulty  of  controlling  proper  use  of  these  units  in 
such  diverse  installations,  they  were  abandoned  in  the  U.S.  as  a  commercial  product.  It  is 
interesting  to  note  that  the  Boston  Globe  reported  in  October  1995  that  U.S.  medical  authorities 
have  now  approved  use  of  focused  rf  for  treatment  of  prostate  cancer.  The  procedure  has  been 
employed  since  1991  in  25  other  countries. 

Microwave  cooking  technology  is  generally  considered  to  have  originated  in  1945,  when 
Raytheon’s  Percy  Spencer  discovered  that  popcorn  held  at  the  output  region  of  an  operating 
magnetron  could  be  quickly  cooked.  By  1947,  the  company  was  producing  microwave  ovens 
for  sale  to  restaurants,  hotels,  and  hospitals.  The  floor  model  seen  in  Figure  6  is  typical  of  these 
ovens  -  rather  large,  with  glass  rectifier  tubes  and  heavy  transformers  mounted  in  the  base  -  and 
quite  expensive.  Other  companies,  such  as  Litton,  also  entered  this  market.  Raytheon’s  1960 
acquisition  of  Amana  as  a  subsidiary  was  an  important  influence  in  rapidly  expanding 
microwave  oven  use  into  the  ordinary  home.  Amana  had  the  established  distribution,  sales  and 
maintenance  network,  and  the  commercial  product  experience  to  reduce  manufacturing  costs  to 
make  the  ovens  more  widely  acceptable  by  the  general  public.  As  the  market  expanded,  ovens 
were  produced  (or  sub-contracted)  by  Litton,  General  Electric,  Westinghouse,  Tappan,  Hotpoint, 
Sears  and  other  U.S.  manufacturers.  Japanese  and  Korean  companies  entered  the  market,  and 
ultimately  captured  the  major  portion  of  it  with  the  lower  cost  mass-produced  ovens  which  most 
of  us  have  in  our  homes  today. 

A  present-day  cooking  magnetron  and  an  earlier  Raytheon  version  are  shown  in  Figure  7.  Some 
were  also  unpackaged  tubes,  an  electromagnet  mounted  in  the  oven  furnishing  the  required 
magnetic  field.  The  most  common  rating  was  700  watts  CW  output  at  2450  MHz  with  60 
percent  efficiency.  Later,  several  packaged  versions  were  introduced,  having  small  high-energy 
magnets,  air  cooling  fins,  and  rf  leakage  suppression  circuits  included  in  the  assembly.  A 
maximum  manufacturing  rate  of  2000  tubes  per  day  was  reached,  but  again,  severe  price 
competition  from  Japanese,  Korean  and  other  Far  Eastern  companies,  who  were  delivering  tubes 
at  $15  each,  forced  all  U.S.  companies  out  of  the  business.  The  annual  world  market  for  these 
magnetrons  in  1994  was  estimated  at  approximately  25  million  tubes.  Most  are,  of  course,  built 
with  automation  techniques  for  such  a  large  market.  Power  ratings  for  current  models  range 
from  400  to  800  watts  CW  output  at  2450  MHz,  depending  upon  oven  size,  and  utilize  a  design 
which  is  based  upon  refinement  of  the  earlier  models. 

An  important  business  area  has  developed  in  the  use  of  high  power  magnetrons  for  industrial 
heating  applications.  Both  batch-type  and  conveyor-belt  ovens  are  employed.  Typical  systems 
are  engaged  in  treatment  of  rubber  tires,  warming  frozen  food  prior  to  cutting,  cooking  potato 
chips  and  bacon,  etc.  A  popular  frequency  for  this  work  is  915  MHz,  chosen  because  of 
favorable  rf  penetration  properties  and  availability  of  a  commercially  designated  FCC  band. 
One  example  of  a  conveyor  oven  is  seen  in  Figure  8.  The  magnetrons  are  generally  rated  at 
power  levels  of  25,  30,  50  or  75  kW  and  have  been  built  by  many  companies  over  the  years 
(New  Japan  Radio,  Litton,  English  Electric  Valve,  Raytheon,  RCA  and  Burle  Industries).  The 
DC  to  rf  conversion  efficiency  of  these  tubes  is  truly  remarkable.  For  example,  with  an  input  of 
12  KV  and  2.5  amperes  (30  KW  in)  the  output  is  25  KW,  yielding  an  efficiency  of  about  85 
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Figure  7.  Magnetrons  for  Microwave 
ovens. 

-  Left,  typical  present  design 

-  Right,  earlier  Raytheon  tube 


Figure  8.  Conveyor  Oven  for  Industrial 
Processing 

-  Uses  30  KW,  915  MHz  magnetrons 


percent.  A  significant  advantage  of  high  power  industrial  processing  by  microwaves  is  the 
overall  energy  efficiency  of  the  installation.  Besides  the  contribution  by  the  high  efficiency  of 
the  magnetrons,  the  system  only  uses  power  when  activated,  in  contrast  to  other  styles  of 
processing  ovens. 


Conclusions 

Government  and  military  agencies  supporting  magnetron  and  other  microwave  tube  work  were 
relatively  few  in  the  early  days.  The  U.S.  Naval  Research  Lab.,  BUSHIPS,  U.S.  Army  Signal 
Corps-  Ft.  Monmouth,  and  Rome  Air  Development  Center  became  prominent  early  supporters. 
Eventually  other  groups  became  involved  as  new  applications  appeared  and  responsibilities 
shifted.  At  least  12  major  U.S  companies  have  manufactured  magnetrons,  though  many 
abandoned  the  market  due  to  competition  and  excess  capacity.  Several  smaller  companies  have 
specialized  in  limited  segments  of  the  market,  or  in  salvaging  and  rebuilding  mbes.  University 
laboratories,  such  as  MIT  Radiation  Laboratory,  Columbia  Radiation  Laboratory,  University  of 
Michigan,  and  many  others  have  contributed  greatly  to  theoretical  analysis  of  the  magnetron, 
and  to  experimental  verification  through  constmction  of  unique  model  mbes.  There  have  also 
been  important  spin-offs  from  the  magnetron  work.  The  entire  crossed  field  amplifier  market 
was  an  outgrowth  of  the  magnetron  industry.  Materials,  techniques  and  facilities  were  developed 
which  were  adaptable  to  many  other  products.  Radars,  industrial  heating/cooking,  etc.,  were  first 
made  practical  or  were  certainly  enhanced  by  the  use  of  magnetrons. 

Thus,  we  see  that  a  very  productive  effort  has  been  devoted  to  exploitation  of  the  magnetron 
principle  in  the  United  States  and  throughout  the  world.  From  a  relatively  simple  concept, 
devices  and  systems  have  evolved  which  have  had  a  significant  impact  upon  on  all  our  lives. 
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Traveling  wave  tubes,  klystrons,  solid  state,  and  other  microwave  devices  have  shown  notable 
capabilities  for  larger  rf  bandwidth,  better  frequency  stability,  etc.,  but  the  magnetron  has  its 
place  where  high  efficiency  compact  size,  economical  construction  and  modest  degrees  of 
performance  sophistication  are  required.  As  evidenced  by  the  other  papers  presented  at  this 
conference,  there  are  a  number  of  magnetron  studies  still  in  progress,  holding  promise  of  further 
practical  uses  of  this  device. 
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Results  are  presented  for  measurements  conducted  on  experimental  crossed-fleld  amplifiers 
(CFAs)  developed  in  the  low  noise  CFA  (LNCFA)  program.  An  improvement  to  the  noise 
measurement  technique  has  been  made  by  using  an  electronic  phase  shifter.  Frequency 
swept  signal-to-noise  ratio  (SNR)  measurement  data  has  been  collected  for  various  cathode 
positions  and  cathode  oxygen  level.  S-paiameter  measurements  have  been  made  at  various 
B-fields  and  with  the  CFA  on  and  off.  Radio  frequency  (rf)  and  electronic  feedback  through 
the  drift  space  region  is  discussed.  CFA  models  are  introduced  and  used  to  analyze  data. 
CFA  simulations  have  been  made  using  the  MASK  code. 
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Low  Noise  CFA  Measurements,  Analysis,  and  Simulation 

INTRODUCTION 

Highly  accurate  techniques  of  measuring  CFA  SNR  will  be  discussed.  Introduced  will  be 
a  recently  developed  technique  that  uses  an  electronic  phase  shifter,  increases  SNR  measurement 
capability,  and  reduces  equipment  cost. 

S-parameter  and  SNR  measurements  have  been  made  on  CFAs.  S-parameter 
measurements  indicate  the  presence  of  rf  leakage  and  electronic  feedback  through  the  CFA  drift 
space  region.  SNR  studies  have  been  made  where  cathode  position  or  cathode  oxygen  level  has 
been  varied. 

Experimental  results  are  supplemented  by  simulation  results,  obtained  using  the  MASK 
code.  Simulations  have  b^n  made  to  study  the  effects  of  rf  drift  space  feedback  and  of  changing 
the  magnetic  field  value. 

MEASUREMENTS 

SNR  Measurements:  SNR  measurements  of  rf  amplifiers  have  varied  from  test  site  to  test  site 
even  when  the  same  amplifier  is  measured.  These  SNR  value  variations  are  due  to  each  test  system 
having  different  distortion  levels.  An  SNR  measurement  technique  and  analysis  software  have 
been  developed [1,2]  that  minimizes  the  effect  of  test  system  distortions.  In  contrast  to  earlier 
techniques  that  required  manual  equipment  calibration  to  eliminate  test  system  distortions,  the 
offset  frequency  technique  discussed  here  gives  SNR  values  unaffected  by  these  distortions.  Both 
manufacturer  and  customer  can  test  the  amplifier  with  this  technique  and  have  SNR  values  that 
typically  agree  within  tenths  of  dBs. 

Figure  1  shows  the  system  diagram  used  in  the  offset  frequency  technique.  This  technique 
has  been  implemented  with  two  experimental  setups:  (1)  using  two  rf  synthesizers  and  (2)  a  newer 
technique  that  uses  an  electronic  phase  shifter  and  one  rf  synthesizer.  When  using  two 
synthesizers,  one  rf  synthesizer  generates  the  signal  to  the  device  under  test,  designated  as  RF, 
while  the  other  generates  the  local  oscillator  (LO)  signal  whose  frequency  is  offset  from  the  RF 
frequency  by  a  small  amount  (typically  20  Hz).  The  LO  and  RF  signals  enter  a  vector 
demodulator  (VDM)  which  outputs  low  frequency  I  and  Q  signals.  The  I/Q  signals  are  digitized 
and  analyzed  by  the  SNR  analysis  software.  In  a  typical  test,  -100  pulses  are  digitized  with  100 
I  and  Q  data  samples  taken  per  pulse.  The  only  difference  between  the  newer  phase  shifter 
technique  and  the  two-synthesizer  technique  is  that  the  RF  signal  is  created  with  a  single  rf 
synthesizer  and  the  LO  signal  is  created  by  phase  shifting  the  same  signal.  The  phase  shifter 
technique  has  lower  equipment  costs  and  increases  measurement  capability.  SNR  measurement 
capability  using  the  phase  shifter  technique  is  improved  over  the  two-synthesizer  technique.  This 
is  due  to  a  lower  noise  floor  that  originates  from  canceling  single-source  correlated  noise  through 
LO  and  RF  paths,  which  contain  uncorrelated  noise  signals  in  the  two-synthesizer  technique. 
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Figure  1.  SNR  Measurement  System  Diagram 

A  mathematical  description  of  the  system  illustrates  test  system  distortions.  A  sampled  RF  signal 
out  of  the  device  under  test  is  given  by 

RF={A  +A^)cos(a)t+A4>)  (1) 

where  A  is  signal  amplitude,  AA,  Acj)  are  the  amplitude  and  phase  noises  that  determine  SNR.  The 

local  oscillator  signal  is  given  by 

Z-O=cos(oor+0)  (2) 

where  0  originates  from  the  offset  frequency,  numerically  equal  to  the  angular  offset  frequency 

multiplied  by  time  (typically  0=27t(2O  Hz)t).  For  an  ideal  VDM,  the  RF  and  LO  signals  are 
converted  into  I  and  Q  signals  given  by 

/=A:(^+A4)cos(0-A4)) 

Q=A:(^+A4)sin(0-A(l))  W 

where  k  is  the  loss  of  the  VDM. 

For  an  actual  VDM,  linear  and  nonlinear  I  and  Q  distortions  may  exist.  Figure  2 
illustrates  the  effects  of  linear  distortions,  which  distort  plots  of  Q  vs.  I  from  the  circular  pattern 
described  in  equation  (3)  to  an  ellipse.  The  nonlinear  distortions  originate  largely  from  the  VDM 
mixers  and  may  be  essentially  eliminated  by  using  quality,  high-level  mixers.  The  remaining  linear 
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distortions  cause  I  and  Q  to  be  given  by 

I  =  kj{A+ LA)  cos(9  -  A4))  +  Bj 

0  =fcp(v4+A4)sm(6+£-A4))  +  Bp  (4) 

where  Bj  and  Bq  are  DC  offsets,  and  represent  different  losses  in  I  and  Q  channels,  and  a 
quadrature  error  s  originating  from  the  VDM  hybrid  coupler. 
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Figure  2.  VDM  Distortions 

The  SNR  analysis  software  gives  correct  SNR  values  even  when  VDM  distortions  are  present.  The 
software  contains  both  linear  and  nonlinear  SNR  analysis  subroutines[l],  which  not  only  differ 
because  of  the  type  of  data  distortions  of  which  they  eliminate  the  effect,  but  also  differ  due  to  the 
types  of  algorithms  used.  The  linear  analysis  subroutine  uses  statistical  SNR  calculation  methods. 
The  nonlinear  analysis  subroutine  determines  linear  and  nonlinear  distortions  and  uses  this 
information  to  correct  individual  data  points.  The  linear  and  nonlinear  subroutines  should  give 
nearly  identical  results,  because  nonlinearities  are  eliminated  at  most  frequencies  through  proper 
choice  of  VDM  mixer  levels  and  the  difference  between  statistical  and  data  correcting  algorithms 
is  small.  The  two  subroutines  have  been  found  to  give  SNR  values  within  0.01  dB  when 
neglecting  noiftinearities. 

SNR  measurements  on  the  same  CFA  were  made  at  Crane  Division,  Naval  Surface 
Warfare  Center,  located  in  Crane,  IN  and  Litton  Electron  Devices  in  WUliamsport,  PA.  SNR 
values  agreed  within  +0.25  dB  at  each  measured  frequency.  Previous  errors  were  as  much  as  4 
dB  at  certain  frequencies.  This  LO  offset  technique  has  been  used  to  measure  an  SFD262 
production  CFA  where  the  cathode  location  has  been  moved.  Figure  3  shows  the  measured  SNR 
values.  A  value  as  high  as  59  dBc/MHz  was  found,  which  is  a  low  noise  value  for  a  production 
CFA.  The  noise  notch  at  F5.4  is  possibly  due  to  an  input  window  resonance. 
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Figure  3.  Cathode  Position  Effects  on  CFA  SNR 

A  study  of  CFA  oxygen  pressure  on  SNR  values  has  been  made  using  the  experimental 
Communication  &  Power  Industries  (CPI)  low-noise  CFA  serial  number  C326ANR2.  Figure  4 
shows  the  SNR  data  sets  collected  before  and  after  cathode  conditioning.  Peak  SNR  values 
increase  from  62  to  64  dBc/MHz. 


S-Parameter  Measur^ents:  S-parameter  data  was  collected  using  an  HP85  IOC  vector  network 
analyzer.  Data  values  were  collected  using  a  linear  frequency  sweep.  Time  domain  data  was 
obtained  from  the  frequency  data  using  the  HP8510C  built-in  inverse  Fourier  transform,  which 
involves  Kaiser  windowing  and  the  chirp-Z  transform.  Typical  CFA  operating  conditions  varied 
in  experimental  studies  include  CFA  drive  power,  magnetic  (B-)  field,  and  on/off  state. 

S-parameter  data  was  collected  on  an  experimental  low-noise  CPI  tube  serial  number 
F178AMR2.  B-field  was  varied  in  these  measurements  as  indicated  by  the  change  in  cathode 
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voltage,  being  proportional  to  B-field  value.  Figures  5  and  6  contain  S21  and  Su  data  sets 
collected  in  these  measurements.  Figure  5  contains  S2i(t)  data  where  first  and  third  peaks  split  at 
11.8  kV  cathode  voltage  but  do  not  split  at  lower  cathode  voltages.  Figure  6  contains  Sii(t)  data 
collected  at  9  and  11.8  kV  cathode  voltages  that  exhibits  the  three  major  time  peaks  near  2,  17, 
and  31  nanoseconds.  The  10.7  kV  Sii(t)  data  contains  additional  nulls  near  these  time  peaks. 


Time  (nS) 

Figure  5.  821  data  for  various  B-fields,  CPI  CFA  Serial  Number  F178AMR2 


Time  (nS) 

Figure  6.  Suft)  data  for  various  B-fields,  CPI  CFA  Serial  Number  F178AMR2 

Data  on  CFA  deviation  from  linear  phase  over  fn^ency  should  be  quantitatively  analyzed 
instead  of  time  responses.  This  is  because  it  can  be  analyzed  without  obscuring  the  Hata  by 
making  a  transform  from  the  frequency  to  time  domain.  Figure  7  shows  the  measured  CFA 
deviation  from  linear  phase  obtained  from  S2i(f)  phase.  Phase  oscillations  arise  from  rf  drift  space 
and  electronic  feedback  components,  as  discussed  later.  Phase  oscillations  decrease  as  the  B-fleld 
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Analyzed  in  this  section  are  output  phase  and  SNR  oscillations  over  frequency.  Rf 
feedback  components  are  well  understood  and  their  contributions  to  output  phase  and  SNR 
oscillations  can  be  determined.  Electronic  feedback  components  are  unknown  but  their  presence 
can  be  inferred  by  the  difference  between  the  rf  contribution  and  experimental  results. 

Figure  8  illustrates  how  rf  feedback  is  modeled  by  combining  the  attenuated  output  rf 
signal  with  the  original  input  signal  to  arrive  at  a  resultant  input  signal  that  depends  on  the  phase 
difference  6  between  the  two  signals.  Rf  feedback  contributions  to  output  phase  and  SNR 
oscillations  arise  from  amplitude  modulation  of  the  input  signal  when  0  is  near  0°  and  180°  and 
phase  modulation  of  the  input  signal  when  0  is  near  90°  and  270° . 


Figure  8.  Input  signal  oscillations 

Phase  Oscillations:  S2i(f)  phase  oscillations  are  analyzed  here  by  sums  of  rf  and  electronic 
feedback  contributions.  Figure  9  shows  three  phase  oscillation  contributions.  The  first  two 
contributions  originate  from  the  rf  drift  space  leakage  contribution,  with  its  amplitude  and  phase 
modulation  of  the  input  signal.  The  first  contribution  is  the  phase  modulation  (PM)  of  the  input 
signal  that  passes  directly  to  the  output  phase.  The  second  contribution  is  the  amplitude 
modulation  (AM)  of  the  input  signal  that  changes  output  phase  after  an  amplitude  modulation  to 
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phase  modulation  (AM-to-PM)  conversion.  The  third  contribution  is  the  unknown  electronic 
feedback  contribution  that  we  want  to  determine. 


Figure  9.  Components  of  Phase  Deviations 


Rf  feedback  contributions  to  the  output  phase  deviation  from  linear  phase  A4)out  are 
determined  by  considering  Figure  8.  The  sinusoidal  contribution  originating  from  PM  of  the  input 
signal  is 

Z)Zsin0  (5) 

while  AM  of  the  input  signal  and  subsequent  AM  to  PM  conversion  leads  to  the  term 

Ad)^ 

8.68DICOS0  (6) 

where  the  output  phase  change  with  input  power  [A4)o„t/APia  is  measured  experimentally  in 
units  of  radians/dB.  The  total  rf  contribution  to  phase  oscillations  is  given  by  the  sum  of 
equations  (5)  and  (6)  to  be 

A(j)o„,  =  DL  v/l+i^  since  -tan''*)  (7) 


where 


b 


8.68 


A4>o^, 


(8) 


SNR  Oscillations:  Increasing  drive  power  level  improves  SNR  values.  Rf  signal  feedback 
through  the  drift  space  region  amplitude  modulates  the  input  signal,  changing  the  effective  input 
power  level.  Phase  modulation  of  the  input  signal  does  not  affect  SNR  values.  The  rf  feedback 
contribution  to  SNR  oscillations  is 


'  b£NR' 

^In  dB_ 


'  asnr' 

^In  im_ 


8.681)1  cos  0 


(9) 


where  the  change  in  SNR  with  input  drive  power  [ASNU/APj^^b]  is  measured  experimentally  in 
units  of  dB/dB. 
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Comparisons  with  experiment;  The  experimental  results  for  SNR  and  phase  oscillations  wiU 
now  be  compared  to  rf  feedback  predictions.  These  results  verify  the  presence  of  an  electronic 
feedback  mechanism. 

Rf  leakage  model  predictions  of  phase  and  SNR  oscillation  amplitudes  are  made  by 
assuming  typical  model  parameter  values.  Combining  these  rf  leakage  predictions  with 
experimental  results  given  in  Figures  3  and  7  allows  identification  of  electronic  feedback  effects. 
Phase  and  SNR  oscillation  amplitudes  are  determined  using  equations  (7)  and  (9)  by  assuming 
D=-34  dB,  L=11.3  dB  (DL=4.2°)  and  obtaining  experimental  estimates  of  output  phase  and 
SNR  sensitivities  to  input  drive  power.  Ouqjut  phase  sensitivity  to  input  power  was  measured  on 
the  production  tube  with  moved  cathode  position  (Figure  3)  to  be  [A4)out/^Pin  dB]  =  10°/dB. 
Substimting  this  measured  value  into  equations  (7)  and  (8)  yields  b=1.5  and  7.6°  phase  oscillation 
amplitude  due  to  rf  feedback.  The  production  specification  value  of  output  phase  sensitivity  to 
input  power  is  not  allowed  to  be  greater  than  3°/dB,  corresponding  to  b=.45  and  4.6°  phase 
oscillation  amplitude. 

Figure  7  contains  phase  oscillation  data  for  the  experimental  CPI  CFA  S/N  F178AMR2. 
Phase  sensitivity  to  drive  power  data  is  not  available  for  this  CFA.  Figure  7  indicates  a  phase 
oscillation  amplitude  -10°  at  9kV  cathode  voltage,  decreasing  to  -2°  at  11.8  kV.  Electronic 
feedback  must  be  present  to  explain  the  11.8  kV  phase  oscillation  amplitude,  because  rf  signal 
feedback  alone  has  a  phase  oscillation  amplitude  greater  than  DL=4.2°  that  must  be  canceled  by 
an  electronic  component  to  arrive  at  the  -2°  experimental  value. 

Figure  3  contains  SNR  data  on  an  AEGIS  production  CFA  with  displaced  cathode  position. 
Measured  SNR  sensitivity  to  drive  power  was  1.3  dB/dB.  Corresponding  phase  oscillation 
amplitude  predicted  with  the  model  is  .84  dBc/MHz.  Figure  3  experimental  results  indicate  an 
SNR  oscillation  amplitude  of  ~.5dBc/MHz.  A  small  electronic  feedback  contribution  to  SNR 
oscillations  may  be  present  to  cancel  part  of  the  rf  feedback  contribution,  but  the  deviation  of 
experiment  from  rf  feedback  alone  is  within  experimental/prediction  uncertainty. 

CFA  MODEL 

Figure  10a  shows  a  representative  two-dimensional  CFA  cross  section.  Figure  10b 
contains  a  pictorial  CFA  model  with  passive  rf  leakage  through  the  drift  space  region  and  the 
reentrant  election  flow.  Rf  drift  space  leakage  flows  equally  from  both  output  to  input  and  input 
to  output.  Electronic  feedback  through  the  drift  space  region  only  occurs  from  output  to  input. 


Figure  10a.  Two-dimensional  CFA  Cross  Section  Figure  10b.  rf  Signal  and  Electron  Flow 
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Figure  1 1  contains  a  CFA  signal  flow -graph  model  that  includes  rf  drift  space  feedback. 
The  flow-graph  model  neglects  electronic  fealback  and  reflections  at  CFA  input  and  output.  CFA 
slow-wave  strucmre  gam/attenuation  is  denoted  by  L  and  drift  space  attenuation  is  represented  by 
D.  The  S-parameters  for  this  model  are  simplified  by  noting  that  the  product  of  gain  and  drift 
space  attenuation  is  much  less  than  one,  i.e. ,  |  D  |  |  L  |  <«:1 ,  and  are  expressed  as 

5,,(w)= — — ‘D+L+DL^  = 

l-DL-D^  ”  l-DL 


D 


Figure  11.  CFA  Signal  Flow-Graph  Model 


Expected  S-parameter  time  domain  responses  for  a  CFA  with  rf  feedback,  neglecting 
electronic  feedback,  depends  on  drive  power  level  and  whether  the  CFA  is  on  or  off.  The  linear 
regime  corresponds  to  the  CFA  off  and  to  the  CFA  on  for  very  low  drive  power  (<  1  kW). 
Figure  12  contains  the  expected  linear  responses  for  Sji  and  S^.  The  model  prediction  for  S2i(t) 
in  the  linear  regime  is  three  time  peaks  corresponding  to  signals  that  (1)  make  a  quick  pass  from 
input  to  output  through  the  drift  space  region  (D),  (2)  pass  through  the  slow-wave  circuit  once 
before  exiting  (L),  and  (3)  pass  through  the  slow- wave  circuit,  pass  through  the  drift  space  region, 
and  pass  through  the  slow-wave  circuit  a  second  time  (DL^).  Suft)  is  expected  to  exhibit  three 
peaks  due  to  (1)  input  reflections,  (2)  a  signal  path  through  the  slow-wave  structure  and  drift  space 
region  (DL),  and  (3)  output  reflections.  The  saturated  regime  corresponds  to  high  CFA  drive 
power  (>5  kW).  Figure  13  contains  the  expected  saturated  regime  model  responses  for  S21  and 
S 11-  S2i(t)  data  collected  in  the  saturated  regime  are  expected  to  contain  three  peaks,  where  the 
first  and  third  peaks  are  symmetrically  placed  around  the  second  peak.  Symmetrical  peaks  arise 
from  taking  an  inverse  transform  of  S2i((o)  frequency  data  to  obtain  S2i(t)  data  and  are  derived  in 
the  next  paragraph.  Saturated  regime  S^ft)  data  is  expected  to  contain  the  same  three  peaks  as 
in  the  linear  regime,  with  the  second  and  third  peak  magnitudes  increased  due  to  slow-wave  circuit 
gain.  These  model  predictions  are  qualitatively  consistent  with  features  of  the  experimental  Sjift) 
and  Sjift)  data  shown  in  Figures  5  and  6,  respectively.  However,  S2i(t)  and  Suft)  split  peaks  are 
not  explained  by  this  rf  feedback  model. 
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Figure  12.  Expected  Linear  S-parameter  Responses  with  rf  Feedback 


t 


Figure  13.  Expected  Saturated  S-parameter  Responses  with  rf  Feedback 

The  symmetrical  peak  result  obtained  from  saturated  S2i(t)  model  predictions  is  derived 
as  follows.  Defining  1^0^=  |L| ,  D=  |D1 ,  'c=slow-wave  delay,  AT=sum  of  slow-wave  and  drift 
space  delays,  the  frequency  data  is  approximated  as 

where  the  term  proportional  to  D  in  equation  10  is  neglected.  Slow-wave  gain  is  modulated 
by  drift  space  feedback  D  to  keep  constant  output  power  over  frequency  for  a  saturated  amplifier, 
is  a  function  of  D  expanded  in  a  small  parameter  DL  by 

(12) 

Output  power  is  proportional  to  1 821(0))  1  ^  and  is  expressed  as 

15'2i((o)p=Z,2(l+2aDL+2DZ,cos(a)AT)+0((DZ,)^))  (13) 

Achieving  constant  output  power  is  made  by  setting  a=-cos(o)AT)  so  that 

-LdL  +Z,e  (14) 
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(15) 


and  the  time  domain  symmetrical  peaks  are  expressed  by 

The  previous  model  did  not  include  electronic  feedback  effects.  The  model  has  been 
extended  to  include  an  electronic  feedback  contribution  to  Sjjit).  Such  a  contribution  would  be 
time  delayed  ( <  1  nanosecond)  relative  to  rf  drift  space  feedback.  If  perfect  time  resolution  were 
present,  the  first  and  third  Sjiit)  peaks  would  each  be  split  into  two  peaks  separated  by  the  time 
delay.  Imperfect  resolution  leads  to  either  single  broad  peaks  or  split  peaks  that  are  not  separated 
by  the  time  delay  value.  To  illustrate  this,  we  consider  two  example  time  delays  corresponding 
to  (1)  two  wavelengths  and  (2)  two  and  one-half  wavelengths  at  the  mid-band  frequency.  The 
signals  separated  by  two  wavelengths  interfere  constructively  because  of  a  zero  degree  phase 
difference.  Tlie  two  and  one-half  wavelength  case  corresponds  to  destructive  signal  interference, 
representing  a  180°  difference.  Figure  14  contains  the  corresponding  model  SjiCt)  for  both  cases. 
Unspht  broadened  first  and  third  peaks  are  found  in  the  0°  (two  wavelengths)  case.  Split  peaks 
ate  found  in  the  180°  (two  and  one  half  wavelengths)  case  with  nulls  located  between  the  peaks. 
ITieiefore,  the  combination  of  rf  and  electronic  feedback  signals  causes  S2i(t)  data  to  contain  either 
split  or  unsplit  peaks,  with  the  presence  of  split  peaks  being  very  sensitive  to  small  delay  time 
changes.  These  rf  and  electronic  model  predictions  are  consistent  with  the  experimental  results 
shown  in  Figure  5,  where  the  phase  difference  changes  with  cathode  voltage. 


Figure  14,  Fxample  model  S21  calculation  including  both  rf  and  electronic  feedback 
MASK  CFA  SIMULATIONS 

We  use  the  MASK  simulation  code  to  simulate  CFA  operation.  The  current  MASK 
version  5.4.4  simulates  an  electron  reentrant  CFA. 
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MASK  Runs:  Runs  were  designed  to  study  the  effects  of  rf  signal  feedback  and  B-field  values 
on  output  power,  phase,  and  SNR  values,  The  modulator  was  modeled  using  either  the  built-in 
modulator  circuit  or  fixed  cathode  voltage.  B-field  values  of  2700  and  1800  Gauss  were  used. 
Input  phase  and  input  power  level  were  varied  to  simulate  rf  feedback,  as  Figure  8  Ulustrates  by 
varying  the  rf  feedback  phase  0. 

The  input  signal  is  either  amplitude  or  phase  modulated  as  a  function  of  the  difference 
between  the  fed  back  output  signal  and  original  input  signal  0.  Experimentally,  0  varies  nearly 
linearly  with  frequency.  For  these  simulations,  frequency  wUl  be  kept  fixed  and  0  will  be  varied. 
Original  input  power  value  used  was  10  kW.  Drift  space  attenuation  value  was  taken  to  be 
-34  dB.  Gain  was  taken  to  be  11.3  dB.  The  resultant  input  power  then  varies  ±1.5kW  away 
from  the  original  iiq)ut  power  value.  Resultant  input  phase  varies  +4.2°  away  from  the  original 
phase  (defined  as  0°). 

The  first  runs  made  used  the  modulator  circuit  and  a  B-field  of  2700  Gauss.  Output  files 
for  these  rans  gave  information  on  the  "average  voltage  applied  to  simulation. "  This  voltage  value 
was  then  used  in  fixed  cathode  voltage  runs  that  should  be  more  stable.  Fixed  cathode  voltage 
runs  corresponding  to  1800  Gauss  B-field  value  were  made  by  reducing  the  average  voltage 
applied  to  simulation  found  in  2700  Gauss  runs  by  a  factor  of  18/27  to  account  for  the  cathode 
voltage  proportionality  to  B-field. 

MASK  Results:  Figure  15  shows  MASK  results  obtained  with  fixed  cathode  voltages  for  2700 
and  1800  Gauss  B-fields.  The  B-field  dependence  of  the  simulation  results  is  consistent  with 
eiqierimental  observations.  MASK  output  power  results  show  a  decrease  from  135  kW  to  107  kW 
when  decreasing  B-field  from  2700  to  1800  Gauss.  MASK  SNR  values  increase  from 
approximately  27.5  dB  to  31.5  dB  as  B-field  is  decreased  from  2700  to  1800  Gauss.  Experimental 
CPI  low-noise  CFAs  have  lower  B-field  values  to  take  advantage  of  this  CFA  property. 

Expected  rf  feedback  oscillations  are 

SPnwp.r  “  COS  0 

ASM?  “  COS  0  (16) 

-  siii(0-tan'‘6) 

Details  of  simulation  results  differ  from  those  expected  from  equation  (16),  due  to  the 
small  rf  feedback  effects  compared  with  simulation  value  uncertainty.  Simulated  SNR  values  were 
not  always  found  to  increase  with  increasing  drive  power  (SNR  for  0  =0°  should  be  greater  than 
for  0  =  180°)  as  found  ejq)erimentally,  which  may  be  due  to  uncertainty  of  simulated  SNR  values. 
Oscillations  of  output  power,  output  phase,  and  SNR  values  are  expected  to  be  evident  due  to 
changes  in  the  rf  signal  feedback  phase  0.  Rf  signal  contributions  to  the  oscillations  are  given  in 
equation  (16)  as  a  function  of  0  and  are  shown  in  Figure  15. 
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Figure  15.  MASK  R^ults  and  rf  Leakage  Predictions 

SUMMARY 

Electronic  phase  shifter  use  improves  SNR  measurements  by  reducing  cost  and  reducing 
measurement  noise  floor. 

Interpretation  of  CFA  on  S2i(t)  data  is  obscured  by  nonlinear  and  finite  bandwidth  effects. 
Nonlinear  behavior  causes  symmetric  time  peaks.  Finite  bandwidth  causes  resolution  problems 
that  cause  split  peaks  or  constructive  interference  affects  to  appear. 

Presence  of  electronic  feaiback  is  shown  by  S-parameter  phase  oscillations  over  frequency 
and  split  Sjift)  peaks. 
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MASK  studies  have  been  made  investigating  performance  effects  of  magnetic  field  changes 
and  if  feedback  phenomenon.  Magnetic  field  simulation  results  agree  qualitatively  with 
experiment.  Rf  feedback  simulation  results  are  not  conclusive,  being  limited  by  simulation 
uncertainty  greater  than  small  rf  feedback  effects. 
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Abstract 


A  niimber  of  papers  have  recaitly  been  written  on  the  performance  of  the  low-field  millime¬ 
ter  wave  magnetron.  In  particular,  it  has  been  stated  that  such  devices  can  provide  noise 
characteristics  conqiarable  to  that  of  0-type  devices.  A  coirparison  of  e?q)erimental  data 
taken  on  an  X-band  magnetron,  numerical  emulation  resuhs,  and  theory  provides  some  im- 
derstanding  of  the  noise  phenomena.  The  effect  of  tenqierature-limited  operation  of  the 
cathode  on  noise  generation  is  discussed,  and  the  role  of  the  cathode  diameter  in  obtaining 
proper  operation  in  the  low-field  regime  is  described. 


I.  Introduction 

Millimeter-wave  magnetrons  normally  operate  at  a  relative  magnetic  scaling  value  B/Bo  of  about 
2.5.  Experimentally,  optimum  performance  occurs  with  a  cathode  to  anode  diameter  ratio,  a, 
adjusted  to  be  about  0.65  .  This  value  will  vary  with  N,  the  number  of  anode  resonators.  To 
achieve  low  voltage  operation  and  low  weight,  reduced  B/Bo  values  of  1.3  or  less  are  enqiloyed. 
This  is  obtained  either  by  reducing  the  magnetic  flux  denrity  B,  or  mcrearing  Bo  the  mapietron 
scaling  parameter.  Bo  can  be  changed  either  by  adjusting  N  or  a;  the  optimum  eiqierimaital  value 
for  a  is  approximately  0.22. 

Under  these  low-field  conditions.  Levin  [1]  mdicates  that  noise  performance  of  the  magnetron  is 
conqiarable  to  that  of  the  0-type  device.  This  would  ii^ply  the  noise  close  to  the  carrier  is  as  low 
as  -125  ffic/Hz.  This  is  an  adequate  noise  level  for  doppler  radar  apphcations.  The  low  magnetic 
field  design  results  in  a  correqionding  low  voltage,  contact,  and  hghtweight  magnetron  which 
m^e  the  device  a  candidate  for  millimeter-wave  missile  seeker  apphcations.  One  would  expect 
with  hqection  locking  of  the  magnetron  further  mprovements  m  the  noise  level  would  be  achieved 
in  accord  with  that  observed  at  lower  frequencies. 

Radar,  n^sile  seeker,  high  frequency  particle  accelerator  at  X-Ka  band,  microwave  power 
transmission,  and  commercial  apphcations  could  require  substantial  average  power  graeration 
from  the  crossed-field  microwave  tube.  Conventional  millimeter-wave  ma^etrons  are  typically 
narrow  pulse  width,  low  duty  frctor  devices.  Conrideration  has  recently  been  given  to  space  har- 
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monic  operation  by  Yeremka  [2],  and  this  approach  has  resulted  in  some  increase  in  average 
power.  However,  high  anode  dissipation  density  will  be  encountered  in  devices  for  the  above  ap¬ 
plications.  Devices  with  large  anode  area  are  required  to  reduce  the  dissq)ation  density  to  an  ac¬ 
ceptable  value.  Important  successes  in  developnig  large  interaction  ^ace  crossed-field  devices 
were  reported  at  the  1995  Crossed-Field  Device  Workshop.  Tbe  Appaidix  provides  a  few  com¬ 
ments  on  large  anode  area  device  research  carried  out  in  the  United  States  during  1955  to  1965, 
and  briefly  describes  the  substantial  progress  made  in  recent  years  on  developing  a  high  average 
power  axial  gain  Ka-band  crossed-field  anq)lifier  j  an  hqection  locked  oscillator  veraon  of  this  de¬ 
vice  was  also  demonstrated.  The  possibility  of  achieving  a  low  noise,  high  average  power  milli¬ 
meter-wave  magnetron  has  lead  to  the  present  study. 

To  study  the  low-field  operating  conditions,  measurements  have  been  made  on  a  16  resonator  X- 
band  magnetron.  In  addition,  a  magnetron  code  developed  by  Dombrowski  has  been  used  for  nu¬ 
merical  amulation  of  the  tube  performance  [3],  and  fiirther  conq)aiison  has  been  made  with  ex¬ 
periment  using  an  approximate  magnetron  anafyds  by  Vaughan  [4].  The  mq}ortance  of  simulation 
is  evident  in  that  it  can  treat  a  wide  range  of  operating  parameters  while  the  analysis  has  hmita- 
tions  in  this  regard,  bi  both  experiment  and  simulation  it  is  possible  to  vary  the  cathode  emission 
and  to  investigate  the  effect  on  noise  generation  resulting  fi’om  ^ace-charge  instabilities.  Levin 
[1]  reports  that  low  noise  generation  occurs  in  the  low  -field  regime  under  conditions  of  space- 
charge-limitation  of  emission  from  the  cathode,  and  fiirther  specifies  that  the  anode  current  must 
be  limited  to  a  range  of  0.4-0.6  rimes  the  maximum  anode  current.  Operation  is  hindered  in  the 
low  current  region  by  the  presence  of  leakage  current,  associated  oscillation  conditions,  and  more 
impoTtantly  gaussline  discontinuities.  High  values  of  pushing  at  high  currents,  the  pulling  may  not 
be  monotonic,  and  mode  competition  is  enhanced.  It  is  generally  agreed  that  space-charge-hmited 
operation  of  the  cathode  is  required  to  satisfy  ^stem  requirements  of  low  frequent^  pushing, 
stable  operation  into  a  variable  load  mismatcb,  achieve  adequate  noise  performance  wiiich  might 
be  degraded  by  non-uniform  emission  from  the  cathode  surfoce,  and,  most  inqiortant,  the  cathode 
not  poison  such  that  reliable,  long  life  is  obtained. 

It  is  of  interest  that  experiments  by  Brown  [5]  in  recent  years  have  shown  that  very  low  noise 
performance  can  be  obtained  fiom  the  “cooker”  magnetron  using  a  tungsten  qiiral  cathode  oper¬ 
ated  in  the  temperature-limited  regime.  Various  unpublished  reports  have  been  made  in  the  past 
as  to  low  noise  magnetron  operation  u^g  the  oxide  or  B-type  cathode  when  operated  tenpera- 
ture-limited,  however,  it  is  not  clear  that  such  operation  was  achieved  in  tubes  enployed  m  op¬ 
erating  ^sterns. 

Numerical  studies  carried  out  in  the  late  1950’s  and  earfy  1960’s  by  Lehr  [6]  u^g  the  Hartree 
self-consistent  field  method  with  inposed  space-charge-limited  cathode  emisdon  never  achieved  a 
stable  solution,  but  stable  solutions  were  achieved  under  conditions  where  the  cathode  field  was 
reduced  from  the  temperature-limited  value  and  approached  but  did  not  attain  the  q)ace-charge- 
hmited  condition  of  zero  cathode  field  .  It  was  conjectured  by  Lehr  that  a  particular  low  noise 
magnetron  did  in  fret  operate  in  a  tenperature-limited  state. 

The  requirement  for  small  ratio  of  cathode  to  anode  diameter,  a,  to  achieve  efficient  operation  at 
low  B/Bo  ratio  has  also  been  addressed  by  Yeremka  [7].  The  predicted  value  for  a  is  in  accord 
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with  e)q)eiinieiit.  The  ideal  Brillouin  radius  of  the  ^ace-charge  hub  has  been  computed  and  com¬ 
pared  to  resuhs  from  the  simulation  code  for  different  magnetic  fields  and  values  of  o.  This  com¬ 
parison  has  led  to  some  inaght  into  the  e?q)an^on  of  the  hub;  it  is  found  that  a  must  be  reduced 
\^fren  in  the  low-field  regime  to  ensure  that  the  condition  of  cutoff  is  not  violated.  This  analysis 
^ko  suggests  a  possible  mechanism  for  the  observed  low  noise  in  the  low-field  regime.  This 
mechanism  is  related  to  the  state  of  the  subsynchronous  ^ace  charge.  Measurement  of  the  noise 
and  vohage-current  relationship  of  the  magnetic  diode  conq)ared  to  the  perfommce  of  op¬ 
erating  magnetrons  suggest  these  different  devices  have  similar  overall  noise  characterises  as 
indicated  by  Lehr  [8]. 


The  crossed-field  diode  can  support  Sigle  Seam  space-charge  in  the  hub  for  the  condition  of 
large  a,  \Nhile  both  the  single  Seam  and  double  Seam  configuration  can  be  supported  vdiai  a  is 
to  the  close  proximity  of  the  Hull  cutoff  voltage  and  the  HaSee  voltage  wfren  in  the 
low-field  regime,  the  a  value  must  be  anal!  An  analysis  by  Slater  and  Allis  [9]  Sowed  the  single 
Seam  space-charge-limited  hub  can  support  muh^le  striations  or  virtual  cathodes.  These  vitual 
cathodes  are  a  potential  source  of  noise.  Lehr  [10]  aiggests  that  tenperature-limited  operation  of 
the  cathode  deSoys  the  conditions  for  formation  of  multiple  virtual  cathodes. 

The  crossed-field  diode  analysis  work  presently  being  carried  out  by  research  teams  at  the  Uni¬ 
versity  of  Michigan  [11a]  and  the  UniverSy  of  Califomia-Berkeley  [llb,llc]  may  fiirther  clarify 
the  nature  of  the  diode  interaction  as  it  affects  magaetron  noise  processes.  Galagan  [12]  also  has 
published  a  recent  analysis  on  magnetron  diode  operating  regimes  and  instabilities. 


n.  Regimes  of  Crossed-Field  Operation  at  Millimeter-Waves 


Table  1  provides  typical  tube  operating  parameters  for  an  earfy  millimeter-wave  magnetron  [13]. 
Operation  is  at  a  rather  high  magnetic  field  level  with  a  corresponding  B/Bo  value  of  2.5.  Parame¬ 
ters  for  more  recent  lower  power  tube  diowing  a  shift  toward  operation  at  a  lower  magnetic  field 
level  are  also  provided  [14]. 


TABLE  I 

EBgh-Field  Operation  of  MiUimeter-Wave  Magnetron 


Frequaicy 

90  GHz 

94  GHz 

Power 

20  kW 

2.5  kW 

Efficiency 

15% 

8-4% 

Vohage 

12  kV 

6-11  kV 

Magnetic  Field 

25  kG 

15  kG* 

VA^o 

4 

B/Bo 

2.5 

1.5* 

N 

20 

a 

0.65 

*  estimated  value 
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Operation  at  stiU  lower  relative  magnetic  field  levels  is  shown  in  Table  n  for  an  X-band  magne¬ 
tron  with  B/Bo  =  1.3  [15].  This  reduced  scaling  parameter  value  is  approaching  that  used  in  the 
very  low-field  regime  The  measured  efficiency  is  30%.  The  design  enq)loys  a  cathode  to  anode 
diameter  ratio  reduced  fiom  0.65  to  0.22. 


TABLE n 

Low-Field  Regime;  £}q>erimental  X-Band  Values 


Frequency 

9.1GHz 

Power 

3kW 

Efficiency 

30% 

Voltage 

5.1  kV 

Magnetic  Field 

1.05  kG 

W/Wo 

1.6 

B/Bo 

1.3 

N 

18 

CT 

0.22 

HI.  Surface-Wave  Magnetron  Results 

The  criteria  for  obtaining  low  noise  performance  in  the  low-field  operating  regime  have  been  re¬ 
viewed  by  Yeremka  [7]  as: 

1.  Anode  design  must  satisfy  the  condition  that 

k(l-a)>27i  (1) 

where  k  is  the  mode  number,  and  a  is  the  cathode  to  anode  diameter  ratio. 

2.  Require  operation  under  a  high  space-charge  condition  (space-charge-limitation  at 
the  cathode)  such  that  single  stream  flow  is  developed;  electron  lifetime  is  nnich 
greater  than  the  cyclotron  period. 

3.  Ratio  of  magnetic  field  to  critical  magnetic  field  level  (B/Bc)  be  less  than  1. 15. 

4.  Operating  current  must  be  less  than  0.4  -  0.6  times  the  maximum  anode  current. 

5.  The  voltage-current  relationshq)  as  a  fimction  of  cathode  emission  dentity  for  the 
low-field  magnetron  as  sketched  by  Yeremka  is  shown  in  Figure  1. 


This  voltage-current  characteristic  is  typical  of  lower  frequency  tubes  as  it  shows  an  increase  in 
dynamic  irrq)edance  at  reduced  cathode  current  density,  Ja  <  Jb  <  Jc,  and  a  general  trantition 
from  ^ace-charge-limhed  operation  to  tenq)erature-limited  operation  of  the  cathode  at  the  higher 
current  levels.  Minimum  noise  occurs  between  the  points  labeled  A  and  B.  At  low  anode  current 
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a  transition  occurs  from  the  low  level  buildup  oscillations  to  strong  oscillations  with  apparent 
suppresMon  of  noise  mechanisms,  and  at  high  current  the  frilure  of  the  cafriode  to  provide  ade¬ 
quate  emission  with  associated  changes  in  space-charge  behavior  both  near  the  cathode  and  within 
the  ^okes  results  in  noise  generation. 


Figure  1.  Typical  voltage-current  curve  diowing  effect  of  limiting  the  cathode  emission- 
current  density  J  with  Ja  <  Jb  <  Jc.  Low  noise  for  large  emission  density  is  ob¬ 
served  between  the  points  A  and  B. 


hr  this  emission-limited  regime,  noise  is  enhanced  in  the  magnetron  having  a  solid  cathode  surface. 
However,  wiien  the  electron  stream  is  injected  into  the  interaction  space  and  current  limited,  as 
for  exanqile  in  the  voltage-tuned  magnetron,  the  result  is  low  noise  operation.  This  result  supports 
the  generally  accepted  concept  that  a  primary  noise  generating  process  in  the  magnetron  is  related 
to  the  space-charge  hub  surrounding  the  cathode  and  ^ecifically  related  to  a  transition  regime. 
This  observation  also  supports  the  concept  that  a  local  non-uniformity  in  cathode  emission  can 
lead  to  noise  generation;  this  can  occur  at  current  levels  which  would  normally  provide  low  noise 
operation. 


rv.  Experiment  Vs.  Simulation  and  Analysis 

Table  HI  provides  the  production  performance  and  operating  parameters  for  a  Herley-MDI 
V1017  X-band  magnetron  operating  in  a  typical  high-field  regime  with  B/Bo  =  3.1.  The  operating 
current  is  well  below  the  maximum  anode  currait,  and  a  large  diameter  cathode  is  used. 
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TABLE m 

Parameters  of  V1017  Magnetron 


Frequency 

9.5  GHz 

Power 

610  W 

Efficiency 

17% 

Anode  Voltage 

2.6  kV 

Anode  Current 

1.4  A 

Anode  Current-Maximum 

4.5  A 

Magnetic  Field 

4.5  kG 

V/Vo 

5.7 

B/Bo 

3.1 

N 

16 

a 

0.63 

Figure  2  shows  the  conq)uted  space-charge  distribution  for  the  above  operating  conditions  with 
the  cathode  operating  space-charge-limited.  The  spoke  is  well  defined,  and  the  position  of  the 
subsynchronous  hub  is  fer  removed  from  the  anode  radius.  The  average  electron  angular  velocity 
in  the  interaction  space  is  synchronous  with  the  traveling  rf  wave  as  established  by  rf  circuit  fields. 
The  con:q)uted  electronic  efficiency  is  approximately  50-60%. 


Figure  2.  Space-charge  spoke  and  subsynchronous  hub;  B/Bo  =  3.1. 

A  coii5)arison  of  experiment,  simulation,  and  theory  is  shown  in  Figure  3  for  a  range  of  B/Bo 
values.  At  B/Bo  =  3.1  the  maximmn  current  is  at  greater  than  4  an5)eres,  and  the  optimum  per¬ 
formance  is  at  1.4  anqieres  vshich  satisfies  the  general  noise  criteria  as  indicated  above.  Note  that 
good  agreement  is  obtained  at  this  magnetic  field  level  between  the  measured  values,  the  simula¬ 
tion  results,  and  the  Vaughan  magnetron  theory. 
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Anode  Current,  Ib  -  Amperes 

Figures.  Voltage  Vs.  current  showing  comparison  of  ejqperiment,  simulation,  and  analysis; 
B/Bo  =  3.1,  2.0,  1.5. 

The  pushing  or  change  in  jfrequency  as  a  function  of  anode  current  for  a  range  of  heater  voltage  is 
shown  in  Figure  4;  data  is  for  B/Bo  =  3.1.  The  puling  is  small  around  the  operating  point  for  the 
condition  of  space  charge  limitation  of  the  cathode.  At  reduced  heater  voltage  the  pudiing  curve 
exhibits  regions  of  discontinuity,  and  the  tube  develops  increased  noise  (modulation  of  the  fre¬ 
quency  of  tens  to  a  few  hundred  kilohertz  about  the  carrier  )  at  low  and  high  currents  in  accord 
with  Figure  1.  These  regions  of  discontinuity  can  be  studied  with  a  spectrum  analyzer  or  a  mi¬ 
crowave  interferometer;  they  appear  to  occur  at  essentially  the  same  cmrent  levels  over  a  fairly 
wide  range  of  magnetic  field  levels.  In  particular,  these  regions  can  be  seen  at  low  current  corre¬ 
sponding  to  I/Io  =  0.1  where  lo  is  the  AUis  characteristic  current  scaling  factor.  This  I/Io  value  is 
well  below  the  optimum  operating  point  of  the  magnetron.  Particular  design  and  production  proc¬ 
esses  can  cause  these  regions  to  occur  at  higher  currents. 

These  gaussline  discontinuities  appear  to  be  different  from  those  described  in  the  Workdiop  paper 
by  BaU,  Brady,  and  Carter  [1  Id]  which  produce  twinning,  and  appears  to  be  related  to  endshield 
design  as  described  by  Schumaker  [16].  It  is  beheved  the  discontinuities  shown  in  Figure  4  are 
related  emission  processes  and  endspace  design  as  reported  by  Ruden  [17]  which  affect  the  mag¬ 
netron  modulation  processes  over  a  wide  range  of  current. 

Figure  5  shows  the  result  of  a  simulation  to  determine  the  effect  of  a  large  reduction  of  heater 
power  on  the  gaussline.  The  cathode  emission  transitions  to  the  tetcperature-limited  state  at  cur¬ 
rents  above  one  artqpere.  Under  this  condition  major  discontinuities  in  the  gaussline  occur  with 
marked  increase  in  frequency  .shift  with  curr^t.  This  is  m  accord  with  the  Yeremka  analysis  [7]. 


72 


9630 
9625 
9620 

f9615 
9610 
|‘9605 
I  9600 
(f  9595 
9590 
9585 
9580 

.200  .425  .650  .875  1.100  1.325  1.550  1.775  2.0 

Anode  Current,  Ib  -  Amperes 

Figure  4.  Frequency  Vs.  anode  current.  Heater  voltage  of  3. 5  -  6.5  volts. 
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Figure  5.  Effect  of  limitation  of  cathode  emission.  Maximum  cathode  current  of  2.4  and  3.0 
an5)eres. 

At  B/Bo  =  2  we  see  in  Figure  2  the  general  agreement  between  experiment,  simulation,  and 
analysis.  However,  the  tube  is  starting  to  frequency  modulate  severely.  At  B/Bo  =  1.5  the  tube 
will  not  run  stably.  The  Vaughan  analysis  fails  to  provide  a  self-consistent  solution;  the  simulation 
does  run  over  a  5/1  range  in  current,  but  the  electronic  efficiency  is  rapidly  dropping  from  42%  at 
low  currents  to  17%  at  the  higher  currents.  It  is  believed  the  efficiency  reduction  is  related  to  the 
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location  of  the  Brillouin  hub  such  that  electron  collection  on  the  anode  occurs  without  conversion 
of  dc  potential  energy  to  rf  energy. 

Figure  6  shows  a  calculation  the  Brillouin  hub  location  for  B/Bo  =  2.85.  The  edge  of  the  hub  is 
well  removed  from  the  anode;  at  B/Bo  =  2  the  hub  closely  approaches  the  anode  at  the  higher  an¬ 
ode  voltages.  At  B/Bo  =1.5  the  hub  will  intersect  the  anode  at  the  operating  voltage  thus  reduc¬ 
ing  efficiency.  Correction  of  this  effect  is  to  reduce  the  cathode  diameter  to  provide  a  o  value  of 
about  0.2  such  that  the  hub  is  maintained  a  distance  from  the  anode.  Experimentally  this  reduction 
in  cathode  to  anode  diameter  ratio  is  required  to  obtain  efficient  interaction  at  the  low-field  levels. 
A  calculation  for  o  =  0.3  shows  improved  confinement  of  the  hub  to  the  cathode  region.  Results 
of  numerical  simulation  of  the  hub  radius  is  also  ^own  in  Figure  6.  The  edge  of  the  hub  is  seen  to 
be  closer  to  the  anode  than  the  ideal  BriQouin  theory  predicts. 


.800  1.025  1.250  1.475  1.700  1.925  2.150  2.375  2.6 
Anode  Voltage,  Vb  -  Kilovolts 

Figure  6.  Brillouin  hub  radius  for  B/Bo  =  2.85,  2.0,  1.5  and  a  =  0.633,  0.3.  Simulation 
results  are  shown  as  large  dots. 

Figure  7  shows  the  space  charge  distribution  for  B/Bo  =  1.2.  The  hub  hes  close  to  the  anode  as 
ejq)ected  since  the  operating  point  is  close  to  Hull  cutoff.  The  “spoke”  is  a  perturbation  of  this 
hub.  In  contrast  to  high  B/Bo  operation  where  a  subsynchronous  hub  is  created,  at  tbk  low  B/Bo 
value  the  average  angular  velocity  of  all  electrons  in  the  interaction  ^ace  approximates  the  angu¬ 
lar  velocity  of  the  rf  circuit  wave.  This  inphes  the  entire  electron  cloud  interacts  quite  strongly 
with  the  circuit  wave  ,  and  thus  suggests  efficient  interaction  is  possible.  Ihe  confuted  elec¬ 
tronic  efficiency  for  this  simulation  is  32%. 
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Figure  7. 


Space  charge  spoke  and  hub;  B/Bo  =  1.2. 


Appendix 

Potential  Role  for  the  Low-Field  Magnetron 


Interest  in  high  power  generation  at  millimeter-wave  frequencies  from  crossed-field  devices  has 
been  directed  toward  radar  type  apphcations  requiring  peak  power  at  modest  average  power  lev¬ 
els  and  short  pulse  lengths.  More  recently  source  requirements  for  missile  seekers  in  the  35-95 
GHz  range  require  modest  peak  power  and  high  average  power.  This  need  can  be  uniquely  satis¬ 
fied  via  the  phased  locked  magnetron  approach  as  described  by  Hobbs  [18]. 

In  addition,  particle  accelerator  apphcations  above  X-band,  and  commercial  apphcations  that  re¬ 
quire  substantial  average  or  cw  power  levels  suggest  that  the  low-field  magnetron  concept  may  be 
an  ideal  source  to  satisfy  these  possible  needs.  High  power,  either  peak  or  average,  requires  the 
device  to  dissipate  considerable  power.  At  the  high  frequencies  typical  magnetrons  have  limited 
anode  and  cathode  area  and  would  operate  at  dissipation  densities  well  beyond  those  practical.  To 
address  this  problem  major  investigations  into  very  large  anode  area  devices  were  undertaken  in 
the  1960’s,  but  these  programs  met  with  little  success.  Devices  designed  to  provide  axial  gain  as 
the  Raytheon  “Electromagnetic  Anq)hfyTng  Lens”  or  ‘EAL”,  the  RCA  ‘Ei-Periodic  Magnetron”, 
the  GE  “Orthotron”,  and  the  SFD  “  Circular  Electric  Mode  Anq)hfier”  (“Pipe”)  ah  failed  to  pro¬ 
vide  perform  probably  due  to  mode  conq>etition.  Recent  advances  in  mode  control  in  large  coax¬ 
ial  interaction  structures  used  in  gyrotrons  has  been  reported  in  a  series  of  papers  at  an  IR  and 
MM  Wave  Conference  [19],  and  these  techniques  have  direct  apphcation  to  resolving  the  mode 


problems  in  the  large  anode  crossed-field  devices.  Some  limited  success  in  increasing  the  power 
capability  and  obtaining  art5)lifier  gain  was  achieved  by  coupling  of  magnetron  structures  in  tan¬ 
dem  by  Thai  and  Lock  of  GE,  Famey  and  MacDoweU  of  SFD,  and  by  Chandra  and  Dombrowdd 
at  the  University  of  Connecticut. 

Fast  wave,  crossed-field  axial  gain  was  first  achieved  m  the  U.S.  in  the  late  1980’s  from  a  periodic 
dtial  slot  anode  which  coupled  the  interaction  space  to  a  TEOl  mode  coaxial  waveguide.  This  ex- 
peiim^tal  35  GHz  device  was  originally  piilsed  at  low  average  power  at  50-75  kW  at  10-13  dB 
of  gain  and  3%  bandwidth.  Subsequmt  lower  vohage  dedgns  achieved  gain  levels  of  8-10  dB, 
peaJc  power  of  15.5  kW  at  140  watt  average,  and  4  kW  peak  at  200  watts  average  [20]. 

Kouznetsov[lle,llf  ]  at  this  Workdiop  rq)orted  that  large  area  anode  structures  have  been  suc¬ 
cessfully  developed  in  the  USSR  at  lower  frequencies.  The  cw  power  of  the  coaxial  magnetron 
was  extended  to  hundreds  of  kilowatts;  this  advance  came  as  a  result  of  early  studies  of  cavity 
modes  by  Kaphza.  It  is  also  known  the  USSR  studied  the  EAL  concept  [21].  It  is  not  known  if 
the  EAL  work  had  any  influ^ce  on  their  large  area  anode  deagns.  As  noted  em’Uer,  work  has 
been  recently  carried  out  in  the  USSR  on  miUimeter-wave  magnetrons  using  space  harmonic  op¬ 
eration  of  conventional  circuits. 

The  potential  of  the  crossed-field  device  to  provide  gigawatt  peak  and  muhi-megawatt  average  or 
cw  power  levels  was  briefly  reviewed  in  a  paper  by  Ruden  [22];  the  present  study  of  the  low-field 
regime  has  direct  application  to  achieving  this  level  of  performance  from  low  magnetic  field,  low 
vohage  crossed-field  devices. 
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ABSTRACT 

The  common  microwave  oven  magnetron,  in  conbination  with  external  circuitry, 
has  been  converted  into  a  phase  locked,  high-gain  amplifier  for  use  in 
electronically  steerable  phased  arrays  for  power  beaming  purposes.  The 
converted  device,  referred  to  as  an  MDA,  or  magnetron  directional  amplifier, 
allows  independent  control  of  frequency  and  amplitixie.  The  MDA  is  combined 
with  a  section  of  slotted  wave  guide  array  to  form  a  module  for  use  in  the 
phased  array. 


INTROroCTIC»I  AND  SUJ«®RY 

A  crossed-field  device  in  the  form  of  the  common  microwave  oven  magnetron, 
when  fitted  with  external  circuitry  to  convert  it  from  a  simple  oscillator  to 
a  two  terminal  phase-locked  high  gain  amplifier,  is  the  critical  low  cost,  low 
noise,  highly  efficient  device  needed  for  an  electronically  steerable  phased 
array  for  power  beaming  purposes. 

The  ESPAM  or  "electronically  steerable  phased  array  module”  is  shown  from 
several  views  in  Figure  1.  It  consists  of  a  section  of  slotted  waveguide 
radiator  and  the  microwave  gaierator  which  is  termed  the  MDA  or  "magnetron 
directional  amplifier'. 

The  balance  of  this  paper  will  address  the  MDA  or  magnetron  directicHial 
amplifier  and  its  properties  that  are  ideally  suited  for  the  microwave 
generator  and  amplifier  in  the  ESPAMS.  In  the  diagram  for  the  ESPAM  shown  in 
Figure  2,  the  MDA  consists  of  the  magnetron,  and  external  accessories  that 
are  identified  as  a  ferrite  circulator,  a  phase  comparator  to  measure  the 
relative  phase  difference  between  input  and  output,  and  a  reactance  tuner  in 
the  output  circmt  of  the  magnetron. 

How  these  elanments  of  the  MDA  function  together  to  produce  the  phase- locked, 
high-gain  amplifier  is  explained  by  the  following  expression  for  the  phase 
shift  in  the  output  of  an  oscillator  that  is  locked  to  an  external  signal. (1) 


0  =  sin'i 


(f  -  fo)  Qe 


f  Vpi/Vpo 


(1) 


where  0  =  phase  shift  betwe^  input  and  output  of  amplifier 
f  =  free  running  frequency  of  the  magnetron 
fo=  frequency  of  the  drive  source 
Pi=  power  input  from  the  driver 
Po=  power  out  of  the  directional  amplifier 
Qe=  External  Q  of  the  magnetron. 
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THE  ESPAM  -  ELECTRONICALLY  STEERABLE  PHASED  ARRAY  MODULE 


MAGNETRON  DIRECTIONAL  AMPLIFIER  ESPAM  WITH  DC  POWER  SUPPLY  AND  INSTRUMENTATION 


This  expression  can  be  identified  with  the  MDA  or  magnetron  directional 
amplifier  where  the  "input"  is  at  one  terminal  of  the  ferrite  circulator  and 
the  "output"  is  at  the  other  terminal  of  the  ferrite  circulator.  Expression 
(1)  clearly  shows  that  the  phase  shift  between  that  of  the  drive  source  and 
the  output  of  the  amplifier  is  dependent  upon  the  differaice  in  frequency  of 
the  drive  source  and  that  of  the  freely  running  (or  unlocked)  oscillator,  and 
that  the  amount  of  this  phase  differmce  is  also  depend^t  upon  the  square 
root  of  the  ratio  of  the  output  power  of  the  amplifier  to  the  power  of  the 
drive  source.  This  ratio,  of  course,  is  the  gain  of  the  device  if  it  is  being 
used  as  an  amplifier. 

It  is  immediately  evident  from  the  expression  that  if  the  frequency  of  the 
oscillator  is  somehow  tuned  to  the  frequaicy  of  the  drive  signal,  thoi  the 
phase  shift  between  input  and  output  can  be  avoided  and  also  that  the  ratio  of 
the  output  power  to  the  power  level  of  the  drive  source  can  be  increase!. 
Further,  if  a  phase  detector  is  placed  between  the  output  of  the  drive  source 
and  the  output  of  the  amplifier,  any  phase  difference  can  be  used  as  an  error 
signal  to  retune  the  magnetron  to  the  frequency  of  the  drive  source. 

Using  this  signal  to  retune  the  magnetron  can  be  accomplished  in  three  basic 
ways.  The  first  of  these  is  to  tune  the  magnetron  internally  by  altering  its 
internal  structure.  This  would  call  for  the  development  of  a  new  tube  which 
would  be  much  more  expensive  and  not  easily  available.  The  second  approach 
which  has  been  used  is  to  take  advantage  of  the  observation  that  when  the 
current  through  the  magnetron  is  changed  there  is  a  change  in  the  operating 
frequency.  Unfortunately,  a  change  in  the  current  flow  into  the  tube  also 
changes  its  power  output,  almost  proportionally.  The  third  approch,  and  the 
one  that  has  been  successfully  used  only  very  recently  in  a  developmoit 
mutually  sponsored  by  the  NASA  C®iter  for  Space  Power  at  Texas  ASM  and  the 
author,  is  to  change  the  reactance  of  the  load  into  which  the  magnetron 
operates.  (2)  This  approach  allows  the  amplitude  of  the  output  of  the  device 
to  be  independently  controlled. 

The  result  of  this  developmait  is  shown  graphically  in  two  figures.  Figure  3 
shows  the  operating  envelope  of  the  tube  in  response  to  a  change  in  the  drive 
frequency.  It  is  evident  that  the  amplitude  can  be  varied  over  a  wide  range  at 
each  operating  frequency.  The  operating  frequency  can  also  be  varied  over  a 
considerable  range  but  it  is  probable  that  for  power  beaming  purposes  the 
frequency  will  presissigned  at  one  frequency. 

Figure  4  shows  the  contrast  between  the  performance  of  the  amplifier  with  and 
without  the  feedback  arrangemait  to  tune  the  frequency  of  the  freely  running 
oscillator  to  the  drive  frequency.  Without  the  feedback  arrangement,  the 
experimentally  measured  and  theoretically  predicted  phase  shift  varies  rapidly 
with  the  drive  frequency  and,  further,  the  frequaicy  range  is  severely 
restricted.  With  the  feedback  arrangement  the  phase  shift  is  kept  within  a 
total  swing  of  about  ten  degrees  over  a  ccmparatively  wide  frequeicy  range. 

The  value  of  gain  used  for  obtaining  this  experiimental  data  was  30  db. 

However,  the  gain  could  be  increased  to  40  db  or  more  by  refinements  that 
would  involve  (1)  a  power  supply  with  less  ripple  current,  (2)  improvanents  in 
the  reactance  tuner  which  is  a  mechanically  iroveable  obstruction  in  the 
waveguide . 


SO 


SCHEMATIC  OF  IHE  ESPAM  OR  ELBCIRONICaLLY  STEERABLE  PHASED  ARRAY  MMXJLE 


Figure  2.  Scbaiatic  of  the  radiation  module  into  ^ch  the  magnetron  direct¬ 
ional  arplifier  is  assembled.  In  the  diagram  the  parts  pertaining  to  the 
nagnetron  directional  anplifier  or  MDA  are  the  magnetron  with  attached 
buckboost  coil,  a  reactance  tuner,  the  ferrite  circulator,  the  phase 
conparator  and  the  amplitude  conpeirator. 


Figure  3  The  above  performance  envelope  indicates  satisfactory  operation  over 
a  broad  range  of  power  output  and  operating  frequency  that  are  independent 
of  each  other.  Ihe  frequency  of  operation  is  controlled  by  the  frequency  of 
the  ii^t  drive.  The  reference  drive  frequency,  F  =  0,  is  2453  MHz.  Atten¬ 
tion  is  called  to  the  near  constant  value  of  power  output  for  each  value  of 
magnetron  input  current,  U,  over  the  operating  frequency  range.  Data  points 
were  taken  at  2  MHz  increments.  Power  output  is  given  in  conparative  terns 
but  ranges  from  400  to  1000  watts.  Forbidden  regions  of  <^ration  are  cross- 
hatched.  Lower  forbidden  region  is  readily  accessibl'b  by  insertion  of  appro¬ 
priate  value  of  filament  power. 
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There  were  seme  pleasant  surprises  in  this  development.  C^e  of  these  was  the 
favorable  performance  of  the  magnetron  when  closely  coupled  to  an  external 
load,  as  quantified  by  an  external  Q  of  about  50.  Such  a  low  external  Q,  when 
combined  with  the  internal  Q  of  abut  1000,  would  indicate  a  circuit  effici^cy 
of  about  95%,  as  compared  to  the  conventional  efficiency  of  about  85%  where 
the  external  Q  is  about  150.  This  improved  circuit  efficiency  shows  up  as  a 
higher  overall  operating  efficiaicy  as  seen  in  Figure  5.  Appar^tly,  the 
higher  coupling  of  the  tube  to  the  external  load  has  not  eexipremised  the 
electronic  efficiency  of  the  device. 

Another  pleasant  surprise  was  the  discovery  that  the  small  and  Iw  cost  servo 
used  on  radio  controlled  model  airplanes  made  an  ideal  arrangement  to  nove  the 
tuner  in  the  waveguide. 


AMPLITUIffi:  COTTROL 

Another  feature  of  the  recent  development  was  the  incorporation  of  an  earlier 
development  in  which  the  magnetron  could  be  operated  from  a  common  pKJwer 
supply  in  parallel  with  other  magnetrons  and  still  have  the  option  of 
independent  control  over  the  amplitude  of  the  output.  This  is  accanplished  by 
adding  a  small  buckboost  coil  to  add  or  subtract  t  to  the  magnetic  field 
supplied  by  permanent  magnets  attached  to  the  tube.  As  shown  in  Figure  2, 
there  is  an  airplitixie  ccsnrparator  in  which  a  small  sample  of  the  output  is 
rectified  to  produce  a  DC  voltage  across  a  fixed  resistance.  The  voltage 
across  this  resistance  is  then  canrpared  with  a  reference  voltage  and  any  error 
signal  then  ijsed  to  control  the  current  in  the  buckboost  coil.  The  reference 
voltage  can  be  arbitrarily  changed  or  preprogrammed. 

The  buckboost  coil  has  other  valuable  uses.  Qie  of  these  is  to  start  or  turn 
off  the  tube  in  the  presence  of  an  applied  voltage  from  common  power  supply. 
Another  is  to  let  the  cathode  warm  up  in  the  presence  of  a  cotnnon  power  supply 
without  any  current  flow  from  the  filament  to  the  magnetron  anode. 


CLASSES  OF  THE  MAC3IETR0N  DIRECTIONAL  AMPLIFIER 

There  are  four  classes  of  the  MDA  which  are  referred  to  in  Table  I.  These  four 
classes  are  historically  related.  The  first  class  is  the  simple  frequency 
locked  but  not  phase  locked  oscillator.  Its  unsuitable  performance  for  an 
electronically  steerable  phased  array  that  requires  phase  locked  amplifiers  is 
shown  in  figure  4.  A  Class  2  MDA  is  phase  locked  and  uses  a  change  in  the 
magnetron  current  for  phase  locking.  It  does  not  have  independent  control 
over  output  amplitude.  Class  3  is  phased  locked  and  uses  a  change  in  the 
reactance  of  the  external  load  for  phase  locking.  It  does  have  indep^dent 
frequency  and  anplitixie  control.  It  needs  a  separate  power  supply  or  separate 
power  conditioner  if  it  is  powered  from  a  common  power  supply.  Class  4  is 
the  same  as  class  3  but  in  addition  the  magnetron  is  equipped  with  a  buck 
boost  coil  so  that  it  can  be  used  fresm  a  common  power  supply  and  can  be 
programmed  to  operate  at  any  chosen  power  level . 
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INCREMENTAL  CHANGE  IN  DRIVER  FREQUENCY  -  IN  HHZ 


Figure  4-*  Shown  above  is  a  cornpazlsoD  of  the  phase  error  perfonnance  of  the 
MDA  phase  locked  anplifier  and  the  ordinary  frequency  lo^ed  oscillator.  The 
MDA  operated  continuously  over  a  16  MElz  frequency  band  with  a  phase  runout 
of  no  more  than  plus  and  minus  5  degrees.  The  injected  frequency  locked 
oscillator  had  a  phase  shift  of  180  degrees  over  a  3  MHz  range  of  frequency. 
Not  shown  is  the  power  output  over  the  frequency  range  idiich  was  constant  to 
within  6%. 


MAGNETRON  ANODE  CURRENT  IN  HILLIAHPERES 

Figure  5.  The  above  data  for  nagnetrcn  operation  at  very  low 
values  of  external  Q,  Q. ,  xnay  not  have  been  previously 
available.  Microwave  iragnetrons  are  nonmlly  operated  wi^ 
Q,*s  of  200  to  250.  The  circuit  efficiencies  associated  with 
Qt's  of  50,  150,  and  250  are,  respectively,  96%,  89%,  and 
79%.  If  the  electronic  efficiency  is  independent  of  the 
circuit  efficiency,  then  the  overall  efficiency  is  propor¬ 
tional  to  the  circuit  efficiency.  The  above  data  seens  to 
confirm  such  a  relationship. 
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TABLE  I 


Classes  of  the  Magnetron  Directional  AmpliHer 


Qass 

Date  of 

Frequency 

Pha^ 

Independent 

Parallel  Operation 

Emergence 

Locked 

Locked 

Amplitude  and 

From  Common 

Frequency  Contr. 

Power  Supply 

I 

1950-1960 

Yes 

No 

No 

No 

2 

Circa  1982 

Yes 

Yes 

No 

No 

3 

1993-1994 

Yes 

Yes 

Yes 

No 

4 

1993-1994 

Yes 

Yes 

Yes 

Yes 
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ABSTRACT 


The  analysis  of  915  MHz  CW  magnetrons  returned  for  rebuilding  shows  that  twgstm  depletion 
of  the  filament  is  not  the  main  cause  of  failure.  This  paper  compares  the  major  fmlure  modes 
versus  power  levels  of 30,  50,  60  and  75  kW.  Suggestions  are  proposed  to  improve  the  operating 
life  of  the  tube.  The  output  spectral  purity  can  be  controlled  by  optimizing  the  filament  power  to 
reduce  the  noise  floor.  The  filament  current  can  be  optimized  for  an  operating  point  by 
monitoring  the  output  with  a  spectrum  analyzer  and  adjusting  the  filament  current  for  the  lowest 
noise  level  around  the  carrier.  The  magnetrons  are  less  susceptible  to  anode  faults  under  these 
conditions. 


BACKGROUND 


The  study  consisted  of  a  sample  of  magnetron  returned  from  1990  to  1995.  The  majority  of  the 
tubes  manufactured  in  this  time  frame  were  30  and  50  kW  magnetrons.  Two  hundred  tubes  were 
evaluated  to  determine  the  failure  mode.  The  tubes  were  tested,  the  data  compared  to  the  pre-ship 
data,  cut  and  the  individual  subassemblies  are  analyzed.  The  ship  date  and  return  date  were  studied  to 
get  a  rough  order  of  magnitude  of  the  field  life  since  operating  life  data  is  not  available  fi’om  our 
customers. 


FAILURE  MODES 


The  tubes  were  characterized  by  seven  main  fmlure  modes. 

1.  Broken  Dome  (BD)  —  The  ceramic  dome  covering  the  output  antenna  is  cracked  or  broken. 
The  dome  can  crack  from  arcs  in  the  waveguide  or  from  RF  heating  of  deposits  on  the 
ceramic. 

2.  Internal  Arcing  (Int  Arc)  —  The  filament  and  choke  assembly  have  high  energy  internal  arc 
marks.  The  arcing  evaporates  copper  and  iron  gassing  up  the  tube. 

3.  Pi-1  Mode  (Pi-1)  —  The  magnetron  is  a  10  vane(N)  strapped  resonant  system.  There  are  5 
major  modes  (N/2)  which  are  n=l-5.  Pi  mode  (n=5)  is  the  normal  mode  of  operation  is  at  915 
MHz.  The  next  mode  is  Pi-1  mode  (n=4)  is  at  1520  MHz.  If  the  tube  is  operated  in  this  mode. 
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little  energy  is  transferred  to  the  load  and  input  power  is  dissipated  in  the  Mode.  The  result  is 
melting  of  the  straps  and/or  vanes. 

4.  End  of  Life  Filament  (EOL  Fil)  --  End  of  Life  Filament  is  characterized  by  a  depletion  of 
tungsten  from  the  helical  filament  resulting  in  a  necking  of  the  wire  until  it  breaks.  This  is  the 
most  desirable  mode  of  failure  for  the  magnetron.  The  operating  hour  data  we  have  for  this 
mode  of  failure  is  greater  than  20,000  hours. 

5.  Filament  Overheating  (Fil  OH)  --  Filament  overheating  the  result  of  not  decreasing  filament 
power  as  the  output  power  is  increased  to  compensate  for  backheating.  The  result  is  the 
thermal  stresses  damage  the  filament  support  structures. 

6.  External  Arcing  (Ext  Arc)  —  External  Arcing  from  the  choke  to  the  water  pipes.  The  arcing 
bums  a  hole  in  the  ceramic  isolation  sleeve  causing  the  tube  to  go  to  air. 

7.  Manufacturing  Defect  (MFD)  —  Defect  in  the  tube  as  a  result  of  the  manufacturing  process. 

8.  Failure  Mode  Cannot  be  Found  (Unknown)  —  The  failure  mode  could  not  be  found  after 
testing  and  analysis. 


ANALYSIS  OF  DATA 


The  8684,  30  kW  tubes  are  plotted  in  Graph  1.  The  new  and  rebuild  tubes  are  plotted  on  the  same 
graph.  The  graph  shows  the  main  failure  mode  for  a  30  kW  new  tube  was  End  of  Life  Filmnent  (EOL 
Fil).  The  average  time  in  the  field  for  the  30  kW  new  tube  was  1 19  months.  The  main  failure  modes 
for  the  30  kW  rebuilt  tubes  were  Broken  Domes  (BD)  and  Internal  Arcing  (Int  Arc)  and  then  End  of 
Life  Filament  (EOL  Fil).  The  average  time  in  the  field  for  the  30  kW  Rebuilt  tube  was  47  months. 


30  KW  Magnetrons 


Failure  Mode 


Graph  1 
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The  S94600E,  50  kW  tubes  are  plotted  in  Graph  2.  The  new  and  rebuild  tubes  are  plotted  on  the 
same  graph.  The  graph  shows  the  main  failure  mode  for  a  50  kW  new  tube  was  Internal  Ardng  (Int 
Arc).  The  average  time  in  the  field  for  the  50  kW  new  tube  was  29  months.  The  m^  ^ure  modes 
for  the  50  kW  rebuilt  tubes  were  Broken  Domes  (BD)  and  Internal  Arcing  (Int  Arc)  and  Pi-1  Mode 
(Pi-1).  The  average  time  in  the  field  for  the  50  kW  Rebuilt  tube  was  21  months. 


50  KW  Magnetrons 


25 


20 


15 

10 


SNew 
□  Rebuild 


5 

0 


Failure  Mode 


Graph  2 


The  first  S94604E,  60  kW  tubes  were  manufactured  in  1994.  No  new  tubes  have  been  returned 
for  rebuilding.  The  main  failure  modes  for  the  8-60  kW  rebuilt  tubes  were  split  evenly  between 
Internal  Arcing  (Int  Arc)  and  External  Arcing  (Ext  Arc).  The  internal  arcing  damage  was  considerably 
greater  in  the  60  kW  with  fewer  operating  hours  then  in  50  kW  magnetrons. 

The  first  S94603E,  75  kW  tubes  were  manufactured  in  1992.  The  75  kW  design  was  scaled  to 
increase  the  cathode  area  and  to  improve  the  tubes  high  voltage  hold-ofif  capability.  The  water  cooling 
was  redesigned  to  allow  for  the  higher  dissipation.  The  first  two  tubes  returned  for  rebuilding  were 
early  life  failures  due  to  Pi-1  mode  operation.  The  filament  was  operated  too  cold  following  a  curve 
of  constant  hot  resistance  (filament  voltage  divided  by  filament  current).  The  failure  mode  for  the  last 
2-75  kW  tubes  was  Internal  Arcing  (Int  Arc). 

The  operation  of  the  filament  was  researched  on  the  different  power  level  magnetrons  to  find  the 
optimum  operating  point.  BURLE,  in  the  past,  has  recommended  that  the  optimum  filament 
operating  point  was  to  maintain  a  constant  hot  resistance.  The  theory  was  the  filament  temperature 
could  be  related  to  hot  resistance.  The  filament  temperature  would  increase  as  the  hot  resistance 
decreased.  The  filament  supply  power  could  then  be  adjusted  to  compensate  for  backheating  by 
maintaining  a  constant  lament  hot  resistance  hence  a  constant  filament  temperature.  This  operating 
point  however  is  not  optimum  and  the  filament  voltage  is  difficult  to  measure  floating  at  17  kV.  The 
filament  current  can  be  optimized  for  an  operating  point  by  monitoring  the  output  with  a  spectrum 
analyzer  and  adjusting  the  filament  current  for  the  lowest  noise  level  around  the  carrier,  the 
transmitter  does  not  allow  for  this  level  of  control,  the  magnetron  filament  current  should  be  adjusted 
to  the  linear  back  off  curve  supplied  with  the  tube. 
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CONCLUSIONS 


The  analysis  of  the  returns  was  completed  to  find  areas  to  improve  the  magnetron  operating  life. 
There  was  a  significant  change  in  the  time  between  rebuilds  when  the  power  was  increased  from  30  to 
50  kW.  The  data  shows  the  main  cause  of  failure  was  not  tungsten  depletion  of  the  cathode  when  the 
power  level  was  increased.  The  operating  life  of  the  higher  power  magnetrons  could  be  significantly 
improved  with  the  addition  of  high  speed,  high  voltage  protection. 

The  linear  power  supply  is  the  main  area  of  focus  on  solving  the  internal  arcing  failure  mode. 
When  the  magnetron  arcs  the  energy  in  the  supply  is  dissipated  in  the  magnetron.  The  arcing 
evaporates  copper  and  iron  gassing  up  the  tube.  The  tube  can  be  protected  with  a  ignitron  hi^  speed 
protection  circuit  connected  to  the  output  of  the  supply.  The  ignitron  will  dump  the  stored  energy  in 
the  supply  if  the  magnetron  arcs.  The  most  effective  way  to  keep  the  magnetron  fi-om  arcing  is  to 
optimize  the  filament  current  for  the  best  spectral  purity. 

The  alternative  to  the  linear  supply  is  to  use  a  switching  power  supply  with  very  low  stored  energy 
able  to  turn  the  power  to  the  magnetron  off  in  microseconds.  The  red  advantage  to  tWs  supply  is  to 
operate  the  magnetron  in  the  constant  current  mode.  This  mode  of  operation  is  the  least  susceptible  to 
internal  arcing  and  adds  a  higher  degree  of  control  of  the  operating  point  of  the  tube. 

The  broken  dome  failures  are  more  prominent  in  rebuild  tubes.  The  cost  of  a  rebuilt  magnetron  is 
approximately  half  the  cost  of  a  new  tube,  which  precludes  the  replacement  of  this  assembly  on  all 
rebuilt  magnetrons.  The  broken  domes  are  analyzed  for  internal  and  external  deposits.  Most  broken 
domes  have  external  deposits  from  a  melted  Teflon  sleeve  or  deposits  fi'om  the  cooling  air.  The  sleeve 
has  a  tendency  to  melt  at  higher  powers.  Temperature  tests  were  conducted  on  the  dome  and  seals 
without  the  sleeve  and  with  the  recommended  25  CFM  of  air.  The  air  cooling  on  the  dome  was 
adequate  and  the  Teflon  sleeve  used  in  AJ2192  transition  should  be  removed. 

The  current  data  on  the  60  and  75  kW  magnetrons  are  inconclusive  at  this  time.  However,  the 
failure  modes  show  the  same  trends  as  the  50  kW  magnetrons. 
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Abstract 

Several  types  of  magnetrons  have  been  in  use  in  Siemens  radiation  therapy  equipment  for  a 
number  of  years.  More  than  700  such  machines  have  been  built  and  the  majority  are  still  in 
service.  The  most  commonly  used  magnetron  in  this  application  is  a  2.6  MW  unit  that 
powers  a  side-coupled  cavity  linac  operating  in  the  standing  wave  mode.  Depending  on  the 
linac,  electron  and  X-ray  energies  over  the  range  of  3  to  14  MeV  and  3  to  15  MV, 
respectively,  are  available  from  the  Siemens  machines.  The  accelerator,  RF,  and  control 
systems  will  be  described,  with  emphasis  on  the  magnetron  operating  requirements.  Field 
experience  accumulated  over  the  years  will  be  summarized.  It  will  be  shown  that 
magnetron  reliability  is  a  key  parameter  to  ensure  up-time  in  a  radiation  therapy  machine. 


Introduction 

Most  radiation  therapy  machines  currently  being  built  make  use  of  a  linear  accelerator.  The  latter 
is  driven  by  a  multimegawatt  RF  system.  Many  of  these  RF  systems  contain  a  magnetron  as  the 
RF  power  source,  although  higher  energy  machines  are  likely  to  contain  a  klystron.  The  linear 
accelerator  generates  an  electron  beam  in  the  3  to  15  MeV  range  in  the  case  of  magnetron 
systems  built  by  Siemens.  For  tumors  near  the  body  surface,  the  electron  beam  can  be  used 
directly.  For  more  deep-seated  tumors,  it  is  usually  desirable  to  use  X-rays.  These  X-rays  are 
produced  by  letting  the  electron  beam  strike  a  high  atomic  number  target,  thus  generating  a 
photon  beam  in  the  multi-MV  range  by  bremsstrahlung.  In  Figure  1,  a  diagram  of  a  radiation 
therapy  setup  is  shown.  Note  that  the  gantry  can  rotate,  thus  allowing  the  patient  to  be  treated 
from  many  directions.  More  modem  machines  allow  the  gantry  to  rotate  and  the  collimation  of 
the  X-ray  beam  to  vary  under  digital  computer  control  during  treatment. 
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STRUCTURE 


GANTRY 


Figure  1 .  Radiation  Therapy  Configuration 


RF  System  Description 

The  heart  of  the  radiaton  therapy  machine  is  the  linear  accelerator.  Virtually  all  manufacturers 
use  a  side-coupled  cavity  structure.  This  type  of  structure  provides  a  high  accelerating  gradient 
along  the  axis  of  the  main  cavities,  and  the  coupling  cavities  are  offset  to  the  side.  Coupling 
holes  are  provided  to  join  the  cavities  electrically.  Thus,  a  very  compact  accelerating  structure 
results.  This  is  essential  in  order  to  have  a  machine  of  manageable  size.  A  gridded  electron  gun 
is  used  to  inject  electrons  into  the  accelerator  at  the  KeV  level,  and  microwave  power  is  used  to 
accelerate  the  electrons  into  the  MeV  range.  Pulsed  RF  power  is  brought  from  the  magnetron 
through  a  rotary  joint  and  a  circulator  into  the  accelerating  structure.  Details  of  the  machine  are 
depicted  in  Figure  2. 


Figure  2.  Magnetron  Powered  Radiation  Therapy  Machine 

Note  that  the  accelerator  is  arranged  in  a  horizontal  position.  The  patient  to  be  treated  is  also  in  a 
horizontal  position.  Therefore,  the  electron  beam  must  be  bent  through  90°  in  order  to  treat  the 
patient.  Actually,  beam  bending  occurs  through  270°,  thus  allowing  the  beam  to  be  focused 
while  being  bent.  The  result  is  nearly  a  point  source  X-ray  beam.  It  is  desirable  that  all 
components  be  small  and  be  packaged  in  a  compact  manner.  On  the  other  hand,  it  is  also 
necessary  that  the  major  components  be  readily  accessible  for  repair  and  replacement.  A 
recirculating  water  cooling  system  is  used  to  hold  the  accelerator  temperature  constant  at  40°C 
±1°.  The  magnetron,  its  electromagnet,  the  circulator,  certain  waveguide  components,  and  the 
bending  magnet  coils  are  also  cooled  by  the  same  system.  There  are  two  major  control  loops  in 
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the  radiation  therapy  machine.  One  keeps  the  magnetron  tuned  to  the  accelerator  resonance 
frequency,  and  the  other  one  maintains  constant  dose  rate  by  varying  the  pulse  repetition 
frequency  of  the  modulator  which  drives  the  magnetron. 

Magnetron  Requirements  and  Experience 

Siemens  uses  EEV  magnetrons  in  the  radiation  therapy  machines.  Some  of  the  older  machines 
make  use  of  M  5125  tubes,  and  some  recent  machines  use  the  MG  5349,  a  tube  with  a  3.1  MW 
peak  power  rating.  The  most  widely  used  tube  is  the  M  5193,  which  is  rated  at  2.6  MW.  Its 
major  operating  parameters  are  listed  in  Table  I.  The  numbers  Shown  are  maximum  levels  that 
can  be  achieved  simultaneously  with  a  given  tube. 

Table  I 

Magnetron  Characteristics  in  Therapy  Application 


Operating  Frequency 

2998 

MHz 

Frequency  Range 

9 

MHz 

Peak  Output  Power 

2.6 

MW 

Average  Output  Power 

3.1 

KW 

Average  Input  Power 

6.0 

KW 

Magnetic  Field 

1550 

Gauss 

Operating  Voltage 

45 

KV 

Maximum  Cathode  Current 

no 

A 

Pulse  Duration 

4.2 

microsecond 

The  majority  of  machines  built  by  Siemens  are  dual  energy  machines.  That  is  to  say,  the  user  can 
obtain  two  X-ray  energies,  e.g.  6  and  10  MV,  as  shown  in  Table  II.  The  machine  can  also 
produce  six  electron  energies,  as  shown.  The  magnetron  must  operate  stably  over  a  range  of 
power  levels  and,  therefore,  a  range  of  magnetic  field  settings.  The  variation  in  magnetic  field  is 
accomplished  by  the  use  of  an  electromagnet.  Since  a  line-type  modulator  is  used  in  this 
application,  it  is  desirable  to  operate  along  a  constant  impedance  line  when  covering  the  energy 
range  shown.  Magnetron  stability  can  become  an  issue  at  the  low  energy  extreme,  and  a  tradeoff 
has  to  be  made  between  tube  and  modulator  performance  so  as  to  achieve  overall  system 
stability. 
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Table  II 


Therapy  Machine  Operating  Levels 


Energy 

RF  Power 
(MW) 

Magnetron  Magnetic  Field 
(Gauss) 

Magnetron  Current 
(A) 

6  MV 

2.1 

1450 

101 

10  MV 

2.4 

1540 

109 

5  MeV 

1.0* 

1300  (1130) 

50  (76) 

6  MeV 

1.5 

1280 

87 

8  MeV 

1.75 

1360 

93 

10  MeV 

2.0 

1450 

100 

12  MeV 

2.3 

1510 

107 

14  MeV 

2.6 

1550 

no 

*Must  trade-off  magnetron  stability  vs  modular  performance 

A  unique  requirement  in  this  application  is  that  the  therapy  machine  be  in  standby  mode 
throughout  the  working  day.  Actual  treatment  time  with  radiation  is  typically  a  few  minutes. 
Setup  time  for  a  patient  is  in  the  order  of  10  to  20  minutes  resulting  in  a  typical  use  pattern,  as 
shown  in  Table  III.  While  the  number  of  high  voltage  hours  accumulated  in  a  year  is  not  very 
large,  the  service  required  from  the  magnetron  is  probably  more  severe  than  what  would  be 
experienced  in  a  scientific  accelerator  application  or  in  a  radar  where  the  on-time  would  be 
continuous  over  long  periods  of  time.  Moreover,  in  the  older  Siemens  machines,  the  magnetron 
was  mounted  in  the  gantry  near  the  accelerator.  Thus,  the  magnetron  position  changed  during 
operation.  This  put  mechanical  stresses  on  the  cathode  support  structure  and  led  to  shortened 
life.  For  this  reason,  the  tube  is  fixed  in  the  stationary  portion  of  the  newer  machines.  This 
comes  at  the  expense  of  increased  RF  losses  and  the  requirement  for  a  high  power  rotary  joint. 

Table  III 

Typical  Magnetron  Use 

•  2,500  Filament  HoursA^ ear  (8+  Hrs/Day,  5  Days/Week) 

•  300  High  Voltage  HoursAfear 

•  Filament/H. V.  Ratio  is  Approximately  8 : 1 

•  Machine  Warm-Up  Time  :  15  minutes 

•  Mounting  Position  of  Magnetron  :  Fixed  and  V ertical 
(Magnetron  Rotates  in  Older  Machines) 

A  five-year  sample  of  EEV  M  5193  magnetron  failure  modes  was  taken.  Approximately  400 
tubes  were  included  in  the  sample.  The  results  are  shown  in  Table  IV.  Note  that  during  the 
sample  period,  the  dominant  failure  mechanism  was  tube  arcing.  It  is  surmised  that  the  frequent 
on-off  cycling  and  the  relatively  lengthy  standby  periods  with  no  high  voltage  applied,  lead  to 
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gradual  gas  build-up  in  the  tube.  The  arc  rate  then  increases  over  time  until  the  number  of 
treatment  interrupts  become  unacceptable. 

Table  IV 


Magnetron  Failure  Modes  in  Siemens  Machines 


Arcing,  Vacuum 

54 

% 

Unstable,  Moding 

9 

% 

Low  Power 

7 

% 

Tuner  Damage 

7 

% 

Other 

23 

% 

An  interesting  summary  of  magnetron  performance  is  shown  in  Table  V.  This  covers  a  five-year 
period  and  pertains  to  EEV  M  5193  magnetrons  used  in  Siemens  machines.  Note  that  there  is  a 
slight  downward  trend  in  the  number  of  magnetron  failures.  Over  the  same  period  of  time, 
approximately  300  more  new  machines  were  introduced  into  the  field.  This  then  resulted  in  the 
impressive  improvement  in  magnetron  life  over  the  period  shown.  Some  of  this  improvement 
was  due  to  design  changes  in  the  machine  and  the  modulator.  On  the  other  hand,  a  significant 
portion  of  the  improvements  was  reliability  enhancements  introduced  by  the  tube  manufacturer. 
Machine  uptime  is  very  important  in  an  oncology  department  in  a  hospital.  It  is  determined  by 
many  other  components  besides  the  magnetron.  Between  1993  and  1994,  the  Siemens  machine 
uptime  increased  from  96.5%  to  97.5%.  This  one  percentage  point  increase  was  due  to  an 
increase  in  overall  machine  MTBF  of  approximately  30%.  It  is  our  goal  to  reach  an  uptime  of  98 
to  99%  in  the  near  future,  requiring  the  MTBF  to  more  than  double  from  what  it  is  now. 

Table  V 

Magnetron  Failure  Rate 

No.  of  Magnetron  Average  Tube  Life  to  Failure 

Year  Failures  (Months) 

1990 

1991 

1992 

1993 

1994 


94 


169 

20 

156 

26 

168 

28 

149 

37 

145 

43 

Summary  and  Conclusions 

The  following  statements  can  be  made  about  the  radiation  therapy  business  using  linear 
accelerators: 

1 .  The  U.S.  market  for  radiation  therapy  machines  is  mature. 

2.  There  is  still  significant  potential  for  growth  in  Eastern  Europe  and  the  Far  East. 

3.  Cost  and  reliability  for  all  components,  including  the  RF  system,  are  very  important. 

4.  Magnetron  systems  have  an  advantage  over  klystron  systems  in  terms  of  tube  and 
modulator  cost. 

5.  Frequencies  higher  than  S-Band,  specifically  X-Band,  are  important  only  when 
system  size  overrides  other  requirements. 

The  magnetron  manufacturer’s  point  of  view  can  be  summed  up  in  the  following  list  of  future 
magnetron  requirements  for  radiation  therapy  applications: 

1 .  Increased  tube  reliability 

2.  Lower  cost 

3.  3.5  MW  peak  power  in  S-Band 

4.  6  MW  peak  power  in  S-Band  for  klystron  replacement 

5.  2.5  MW  peak  power  in  X-Band  for  special  applications 
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Abstract 

Measurement  and  analysis  of  the  characteristics  and  origin  of  leakage  cur¬ 
rent  in  a  smooth  bore  magnetron  are  presented.  The  measurements  are 
made  in  the  MX-1  experiment,  an  inductive  storage  pulsed  power  genera¬ 
tor  with  a  smooth  bore  magnetron  used  as  a  magnetically  insulated  opening 
switch  (MINOS).  Below  cut-off,  we  find  the  transmitted  current  to  be  lower 
than  predicted  by  cold-fluid  models.  This  may  be  explained  by  the  com¬ 
bined  effect  of  secondary  electron  emission  from  the  anode  and  oscillatory 
current  transmission.  Observed  waves  are  identified  as  transit  time  oscilla¬ 
tions.  Around  cut-off,  we  measure  low  power  broad-band,  noisy  oscillations 
which  are  strongest  around  cut-off  but  decrease  with  increasing  magnetic 
field.  Above  cut-off,  where  oscillations  are  weak,  we  find  the  leakage  cur¬ 
rent  to  be  mainly  axial  and  strongly  dependent  on  the  shape  and  position 
of  cathode  end  barriers.  In  contrast  to  a  previous  study,  we  cannot  identify 
any  oscillation  frequencies  associated  with  known  instability  modes.  Thus, 
the  smooth-bore  magnetron  in  the  cut-off  state  is  found  to  be  stable  on  a 
microsecond  time  scale,  in  accordance  with  theory.  For  applications  to  fast 
high-power  switching,  these  features  imply  that  good  pulse  control  as  well  as 
low  losses  can  be  achieved. 


97 


1  Introduction 


The  smooth  bore  magnetron  has  been  proposed  as  a  fast  high-power  open¬ 
ing  switch  based  on  the  MINOS  (Magnetically  INsulated  Opening  Switch) 
concept  [1],  In  this  concept,  the  current  transmitted  by  a  cylindrical  vacuum 
diode  is  controlled  by  a  fast  rising  pulsed  magnetic  field.  When  the  applied 
field  is  higher  than  the  Hull  cut-off  value  [2],  which  in  the  nonrelativistic  case 
is 


(1) 


where  d  is  the  anode-cathode  gap  width,  Vd  the  diode  voltage  and  r]  the 
electron  charge-to-mass  ratio,  electrons  return  to  the  cathode  and  the  MINOS 
is  opened. 

In  the  open  state,  although  basic  theory  predicts  that  current  transmis¬ 
sion  is  forbidden,  electron  flow  through  the  diode  is  observed  in  experiments. 
This  leakage  current  has  been  attributed  to  imperfections  in  the  diode  ge¬ 
ometry  leading  to  electrons  propagating  axially  along  magnetic  field  lines 
[3,  4].  Leakage  current  has  also  been  ascribed  to  instabilities  [5]  when  elec¬ 
trons  acquire  kinetic  energy  from  electromagnetic  waves  to  cross  the  diode 
gap  radially. 

Table  1  lists  instabilities  and  oscillations  which  may  be  present  in  crossed- 
field  devices  below,  around  and  above  cut-off.  In  a  crossed  field  diode  without 
periodic  anode  structure,  such  as  the  smooth  bore  magnetron,  the  magnetron 
instability  gives  efficient  microwave  generation  only  at  relativistic  voltages; 
at  nonrelativistic  voltages  as  in  the  present  study,  the  mismatch  between 
electron  drift  velocity  and  electromagnetic  wave  phase  velocity  strongly  re¬ 
duces  the  power  exchange  between  space-charge  and  RF  field.  The  diocotron 
instability  is  ruled  out  due  to  the  stabilizing  effect  of  wall  image  charge  [6]. 
The  growth  rate  of  the  resistive  wall  instability  for  metallic  anodes  is  of 
the  order  of  [7];  at  fields  below  1  T,  this  corresponds  to  a  growth 

time  of  microseconds  or  longer.  Thus,  for  switch  applications  of  the  smooth 
bore  magnetron,  we  conclude  that  stability  can  be  expected  on  time  scales 
sufficiently  long  to  ensure  good  pulse  control  as  well  as  low  losses. 
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Oscillation/ 

Instability 

Mechanism 

Region 

Smooth  Bore 
Magnetron 

Radial— Azimuthal 

Transit  time[8,  9] 

interaction  with  exter¬ 
nal  circuit  or  anode- 
cathode  gap 

B<B, 

affects  dis¬ 
tribution 
of  space- 
charge, 
current 

limitation 

transit 

time  ~  1  ns, 
Brillouin 
equilibration 
tirne^  10  ns 

Magnetron  [10] 

cyclotron  resonance 
with  slow  wave 

structure 

B  ~  Be 

microwave 
emis¬ 
sion,  radial 
leakage 
current 

mismatch 
between  wave 
phase  velocity 
and  electron 
drift  velocity 

Diocotron  [6] 

shear  -  low  frequency 
resonance  between 

free  surfaces 

B  >  Be 

radial 

leakage 

current 

conducting 
wall  shorts 

out  field 

Resistive  Wall  [7] 

phase  shift  between 
electron  current  and 
wall  image  current 

B  >  Be 

radial 
leakage 
:  current 

slow  growth 
rate-ms  time 
scale 

Axial 

Oscillations  [11] 

thermal  velocity,  end 
effects 

B>Be 

noise 

emission 

stable  -  no 
feedback 

Electron  drift  [3,  4] 

misalignment  of  elec¬ 
trodes,  fields 

B  >  Be 

axial 

leakage 

current 

reduced  by 

electron 

barriers 

Table  1:  Instabilities  which  may  be  present  in  a  crossed-field  device,  and 
reasons  why  the  smooth  bore  magnetron  can  be  expected  to  operate  stably 
as  a  fast  opening  switch. 
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inductive  storage/ 
pulse  forming  line 


Figure  1:  Circuit  diagram  of  the  MX-1  experiment,  an  inductive  storage 
pulsed  power  generator  with  a  smooth  bore  magnetron  as  a  magnetically 
insulated  opening  switch  (MINOS). 

We  have  studied  the  current  characteristics  of  a  cylindrical  smooth  bore 
magnetron  in  the  MX-1  experiment  [12],  where  the  magnetron  is  used  as 
a  fast  opening  switch  in  an  inductive  storage  pulsed  power  generator  (see 
Fig.  1).  Below  cut-off,  the  diode  acts  as  a  closed  switch  with  low  impedance 
to  charge  an  inductive  storage  pulse  forming  line.  With  an  applied  pulsed 
magnetic  field,  the  magnetron  is  cut  off  and  the  switch  is  opened,  thus  trans¬ 
ferring  the  stored  energy  to  a  resistive  load.  For  pulsed  power  applications, 
the  current  and  voltage  below  cut-off  determine  the  charging  efficiency  and 
the  switching  speed,  while  above  cut-off,  the  leakage  current  is  a  direct  mea¬ 
sure  of  the  switching  efficiency  [13]. 

In  this  report,  we  thus  present,  and  attempt  to  interpret  voltage-current- 
magnetic  field  measurements  on  a  nonrelativistic  space-charge  limited  cylin¬ 
drical  crossed  field  diode.  In  section  2,  the  experimental  set-up  is  described. 
Measurements  below,  around  and  above  cut-off  are  presented  in  section  3, 
4  and  5,  respectively.  Electromagnetic  wave  measurements  are  performed 
to  investigate  the  stability  of  the  magnetically  confined  electron  plasma  and 
possible  correlation  between  waves  and  diode  current.  Below  cut-off,  we  find 
that  the  current  in  the  smooth  bore  magnetron  is  lower  than  predicted  by 
simple  cold-fluid  theory.  We  identify  oscillations  in  the  unmagnetized  diode 
as  transit  time  oscillations.  Around  cut-off,  we  measure  broad-band  oscilla¬ 
tions,  whose  amplitude  decreases  rapidly  with  increasing  magnetic  field.  In 
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the  highly  cut-ofF  magnetron,  when  oscillations  are  weak,  we  find  that  leak¬ 
age  current  is  strongly  dependent  on  the  shape,  size,  and  position  of  electron 
barriers.  This  suggests  that  the  remaining  current  is  mainly  axial. 


2  The  MX-1  Experiment 


The  MX-1  experiment  consists  of  a  pulsed  power  generator  designed  for 
pulse  voltages  up  to  50  kV,  transferred  currents  up  to  2  kA,  pulse  widths 
of  1  —  4  //s  and  switching  times  down  to  200  ns.  The  MX— 1  switch  shown 
in  Fig.  2  is  a  cylindrical  vacuum  diode  with  inner  cathode  and  outer  anode. 
The  dispenser  type  thermionic  cathode  is  operated  in  a  space-charge  limited 
mode.  The  cathode  diameter  is  100  mm,  the  length  125  mm,  and  diode  gap 
widths  of  3  and  10  mm  are  used.  The  MINOS  is  opened  when  a  capacitor 
is  discharged  through  the  magnet  coil,  so  that  a  uniform  magnetic  field  with 
strength  up  to  0.3  T  is  induced  in  the  diode  gap  (see  Figs.  1  and  2). 


Figure  2:  Schematic  drawing  of  the  experimental  MX-1  switch.  The 
thermionic  cathode  is  a  tungsten  dispenser  cathode.  The  slotted  copper 
anode  can  be  cooled  efficiently  to  handle  switching  losses,  and  concen¬ 
trates  the  magnetic  flux  induced  by  the  magnet  coil.  At  both  ends  of 
the  diode,  electron  barriers  are  installed  to  reduce  open  switch  leakage 
currents,  analogous  to  conventional  ’’end  caps”  in  magnetrons. 


The  diode  current  and  voltage,  and  the  magnet  coil  current  are  measured 
with  1  GHz  bandwidth  current  transformers  and  a  high-voltage  probe,  and 
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monitored  on  500  MHz  bandwidth  digital  sampling  oscilloscopes.  Two  capac¬ 
itive  probes  with  insulating  ceramic  disks  inside  the  anode  wall  are  used  to 
measure  electromagnetic  waves  in  the  diode  gap.  The  probes  are  connected 
to  semirigid  coaxial  cables  and  their  signals  are  sampled  with  a  digital  signal 
analyzer  with  a  1  GHz  transient,  and  20  GHz  repetitive  bandwidth. 


3  Current  transmission  below  cut-off 

3.1  Experimental  results 

3.1.1  I-V-B  measurements 


Figure  3:  Typical  pulsing  sequence  in  the  MX-1  experiment.  The  pulse 
generator  (Fig.  2)  capacitor  is  discharged  through  the  closed  MINOS 
when  .6  =  0.  When  a  magnetic  field  is  applied,  the  MINOS  is  opened, 
so  that  in  a  transient  phase,  the  switch  current  is  commutated  to  the 
resistive  load  and  the  switch  voltage  rises.  In  this  commutation  phase,  it 
can  be  shown  that  B  ^  Be  [12].  When  the  switch  has  opened,  its  voltage 
Vd  has  a  constant  value,  and  B  >  Be-  Subsequently,  the  inductive 
storage  line  is  discharged,  and  a  constant  high  voltage  pulse  is  generated 
over  the  load. 


Fig.  3  shows  a  typical  pulsing  sequence.  The  diode  voltage  Vj,  current  Id 
and  magnet  coil  current  Im  (~  B)  are  monitored  when  MINOS  is  closed 
(5  =  0)  and  during  the  commutation  of  current  from  MINOS  to  the  load 
{0  <  B  <  Be).  By  varying  the  voltages  of  the  pulse  generator  charging 
capacitor  and  the  magnet  coil  circuit  capacitor,  both  maximum  pulse  voltage 
and  switching  speed  can  be  controlled.  The  maximum  pulse  voltage  in  the 
present  experiment  was  45  kV  at  a  diode  current  of  2  kA.  The  shortest 
current  fall  and  voltage  rise  time  in  our  experiment  is  200  ns  at  the  highest 
dB/dt  =  2.4-10^  T/s. 


Figure  4:  Frequency  spectrum  of  a  time  window  of  the  sampled  probe 
signal  during  the  charging  of  the  inductive  line,  with  an  unmagnetized 
MINOS.  In  the  time  window  (width  2  /is),  the  switch  voltage  is  constant 
due  to  the  step-increase  of  the  charging  current  in  the  pulse  forming  line. 


3.1.2  EM  wave  measurements 

The  wall  probe  signal  is  sampled  in  pulsing  sequences  with  pulse  voltages 
2.5  <  <  10  kV,  switching  speeds  between  200  ns  and  2  fis  using  a  3  mm 

diode  gap.  Without  applied  magnetic  field,  we  observe  low  frequency  signal 
components  (<  100  kHz),  as  well  as  high  frequency  oscillations  (>  10  MHz) 
for  voltages  between  800  V  to  1.5  kV.  For  these  conditions.  Fig.  4  shows 
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Figure  5:  Normalized  perveance  pn  vs.  normalized  magnetic  field 
below  cut-ofF.  Our  experimental  results  (•)  are  for  switch  voltages 
2  <  <  45  kV,  and  voltage  rise  time  >  200  ns.  Also  shown  are 

the  theoretical  curve  from  [14]  and  results  from  a  160  kV  experiment 
[15]. 


the  FFT  of  the  probe  signal  obtained  during  the  charging  of  the  inductive 
storage  when  the  switch  forward  voltage  drop  was  constant  and  f?  =  0. 

3.2  Data  analysis 

For  every  sample  of  the  digitized  F,  Id  and  /^,  a  switch  perveance  p„  = 
IdliPciVd^^)  normalized  to  the  Child-Langmuir  perveance  pd  [16],  and  nor¬ 
malized  magnetic  field  b„  =  Bf  Be  can  be  calculated  and  plotted  as  in  Fig.  5 
for  voltages  2  <  <  45  kV.  In  this  figure,  our  measurements  are  com¬ 

pared  with  the  laminar  flow  model  from  [14]  and  with  results  from  a  160  kV 
experiment  [15].  The  measured  perveance  is  generally  lower  than  the  theoret¬ 
ically  predicted  value,  and  the  difference  increases  with  increasing  magnetic 
field.  This  may  be  due  to  the  idealizations  in  conventional  cold-fluid  mod¬ 
els  which  omit  physically  important  aspects,  such  initial  velocity  or  electron 
temperature  [8]  or  space-charge  oscillations[17].  We  have  proposed  a  current 
reducing  mechanism  [18]  based  on  secondary  electron  emission:  with  increas- 


104 


ing  space-charge  due  to  the  presence  of  secondaries  emitted  from  the  anode, 
the  electric  potential  distribution  in  the  gap  is  depressed  so  that  Hull  cut-off 
may  be  reached  within  the  gap.  The  combined  effect  of  both  secondary  elec¬ 
trons  depressing  the  potential,  and  dynamic  transmission  may  thus  explain 
the  observed  reduction  of  current  and  the  simultaneous  highly  oscillatory 
current- voltage  characteristic  seen  close  to  cut-off  [19]. 


Figure  6:  The  frequencies  measured  with  B  =  0  vs.  the  corresponding 
Child-Langmuir  transit  time.  The  transit  time  is  calculated  from  the 
switch  voltage,  and  modulation  of  structural  frequencies  by  space-charge 
effects  has  been  taken  into  account.  The  indices  mod{n\  m)  correspond 
to  the  transit  time  mode  [8]  modulating  a  structural  mode  with 
frequency  m.  The  TEM  mode  is  taken  from  [9]. 

The  oscillation  frequencies  measured  in  our  experiment  for  B  =  0  are 
shown  in  Fig.  6  vs.  the  transit  time  of  electrons.  While  a  one-dimensional 
Child-Langmuir  space-charge  distribution  is  stable,  the  signal  impedance  of 
space-charge  limited  diodes  is  negative,  and  can  give  rise  to  oscillations  if  the 
diode  is  connected  to  an  external  circuit  [20,  21].  Oscillations  can  also  occur 
at  fixed  diode  voltages  if  the  space-charge  interacts  with  the  diode  gap  as  a 
microwave  cavity  resonator  in  a  ”fast”  [17]  or  ’’slow”  mode[22,  9].  In  general, 
we  find  agreement  with  this  theory,  and  believe  we  have  identified  slow  mode 
transit-time  oscillations  in  the  unmagnetized  diode. 
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4  The  smooth  bore  magnetron  around  cut-off 

4.1  Cut-off  characteristics 

4.1.1  Current- voltage  measurements 


Figure  7:  Normalized  perveance  deduced  from  experimental  data  as 
a  function  of  the  normalized  magnetic  field  for  different  diode  gaps 
and  electron  barrier  configurations,  (a)  3  mm  gap,  no  electron  barriers 
(b)  3  mm  gap,  with  barriers  (c)  3  mm  gap,  closely  positioned  barriers 
(d)  10  mm  gap,  with  barriers 

Fig.  7  shows  data  of  the  normalized  perveance  for  different  diode  cases,  each 
curve  deduced  from  current  and  voltage  samples  in  a  pulsing  sequence.  We 
note  the  reduction  of  diode  perveance  by  2  —  4  orders  of  magnitude  from 
closed  to  open  switch  when  goes  from  0.8  to  1.5.  The  switching  time 
is  found  to  be  half  the  magnetic  field  rise  time,  which  can  be  explained  by 
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the  diode  operation  around  cut-ofF  where  Vd  oc  .  This  also  verifies  that 
the  Brillouin  equilibrium  is  established  on  a  time  scale  shorter  (ns)  than  the 
variation  of  the  magnetic  field  (^s)  [23].  Thus,  the  switching  speed  is  in 
practice  determined  by  the  magnetic  field  rise  time. 

We  observe  that  the  transition  from  below  to  above  cut-off  is  quite  smooth 
and  depends  only  weakly  on  voltage  or  gap  size.  On  the  other  hand,  the  onset 
of  oscillations  in  the  current  signal  at  0.86n  causes  an  increasing  spread 
in  perveance  data.  These  oscillations  increase  rapidly  at  bn  ~  0.8,  reach  a 
maximum  at  5  Be-,  and  decrease  with  increasing  magnetic  field.  At  higher 
magnetic  fields,  where  the  oscillation  amplitude  is  weak,  the  increasing  spread 
in  perveance  in  Fig.  7  appears  to  be  related  to  the  decreasing  signal-to-noise 
ratio  for  small  currents. 

4.1.2  EM  wave  measurements 


Magnetic  field 
(arb.  units) 


Figure  8:  Diode  voltage,  magnetic  field  and  probe  voltage  as  a  function 
of  time  in  one  switching  sequence. 


To  investigate  oscillations  around  cut-off  in  more  detail,  we  sample  the  probe 
signal  with  high  accuracy  and  sample  rate  in  a  small  time  window  when  1  < 
hn  <  1.5.  In  this  procedure,  256  probe  signals  obtained  in  a  pulsing  sequence 
such  as  in  Fig.  8  were  sampled  and  averaged.  The  averaged  data  was  then 


Figure  9:  Typical  spectrum  obtained  by  applying  a  FFT  to  the  average 
of  256  probe  signals  just  past  cut-off  1  <  <  1.5. 


processed  on  a  digital  computer.  Fig.  9  shows  a  typical  FFT  of  the  averaged 
signals  obtained  just  past  cut-off.  The  mea.sured  frequency  spectrum  contains 
cavity  resonance  modes,  modulated  by  noisy  oscillations.  This  modulation 
appears  to  be  a  result  of  the  change  of  characteristic  impedance  of  the  anode- 
cathode  cavity  through  the  presence  of  time- varying  space-charge  (’’cavity 
loading”).  Much  effort  was  invested  in  trying  to  reproduce  results  from  an 
earlier  experiment  under  similar  conditions  [5],  however,  we  see  no  periodic 
or  growing  oscillations  which  can  be  associated  with  known  instabilities. 

4.2  Data  analysis 

To  investigate  possible  correlation  between  leakage  current  and  oscillation 
amplitude,  we  compare  simultaneous  diode  current  and  probe  signal  power 
in  Fig.  10.  We  note  that  the  onset  of  current  oscillations  at  b„  ^  0.8  co¬ 
incides  with  the  appearance  of  waves  in  the  diode  gap,  and  after  cut-off, 
leakage  current  and  probe  signal  power  decrease  together.  However,  this 
observation  shows  no  clear  correlation  between  current  and  electron  plasma 
waves  present  in  the  gap,  as  can  be  expected,  since  the  amplitude  of  the  elec¬ 
tromagnetic  waves  in  the  gap  is  quite  weak  compared  to  the  kinetic  energy  of 
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Figure  10:  Simultaneously  recorded  diode  current  and  probe  signal 
power  in  one  switching  sequence. 


electrons.  We  can  estimate  the  electromagnetic  power  radiated  by  the  mag¬ 
netically  confined  electron  layer  from  the  obtained  frequency  spectra.  The 
probe  signals  as  functions  of  time  contain  circuit,  cavity,  and  electron  plasma 
oscillations.  The  side-band  amplitude  in  the  frequency  spectra  in  Fig.  9,  on 
the  other  hand,  give  a  more  precise  measure  of  the  real  electron  wave  am¬ 
plitude.  We  can  calculate  the  electromagnetic  power  of  the  excited  cavity 
modes  in  the  anode-cathode  structure,  and  calibrate  our  probe  signal  with 
cavity  mode  oscillations.  The  sideband  amplitude  then  gives  an  estimate  of 
the  electron  wave  induced  power,  which  in  a  typical  case  (V^  =  20  kV,  1  /xs 
rise  time)  is  of  the  order  of  a  few  kW.  The  total  power  input  at  Be  is  on 
the  order  of  several  MW,  so  that  the  ’’magnetron  efiiciency”  of  our  smooth 
bore  magnetron  is  of  the  order  of  10"^,  which  as  expected  is  a  very  low  value 
compared  to  conventional  magnetron  oscillators  (>  50%). 

In  summary,  our  measurements  show  that  in  the  cut-off  region,  low  power, 
broad-band  oscillations  appear.  As  the  magnetic  field  is  increased,  the  am¬ 
plitude  of  these  oscillations  rapidly  decreases  simultaneously  with  the  diode 
current.  No  distinct  wave  modes  associated  with  known  instabilities  have 
been  identified  and  none  are  expected  on  the  present  time  scale. 
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5  The  highly  cut-ofF  smooth  bore  magnetron 

5.1  Perveance  measurements 


b 

n 

Figure  11:  Normalized  perveance  as  a  function  of  the  normalized  mag¬ 
netic  field  for  3  and  10  mm  gap  widths,  and  different  electron  barrier 
sizes,  shapes  and  positions. 


At  high  magnetic  fields,  where  oscillations  are  weak,  we  measure  diode  cur¬ 
rent  as  a  function  of  magnetic  field  and  voltage  for  two  different  gap  widths 
(3  and  10  mm),  and  for  different  electron  barrier  positions,  sizes  and  shapes. 
In  Fig.  11,  the  normalized  perveance  is  calculated  from  smoothed  current 
and  voltage  data,  and  plotted  as  a  function  of  The  smoothing  of  sampled 
data  eliminates  high  frequency  noise  and  high  frequency  (>  10  MHz)  sig¬ 
nal  components.  These  high  frequency  oscillations  have  a  nonlinear  voltage 
dependence  and  cause  a  spread  of  perveance  data  as  in  Fig.  7.  When  the 
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nonlinear  behavior  of  oscillations  is  removed,  the  smoothed  perveances  over¬ 
lap  for  voltages  in  the  range  of  2  — 45  kV.  This  confirms  that  the  smoothed  p„ 
is  a  good  parameter  for  electric  circuit  characterization  of  the  smooth  bore 
magnetron. 

Moreover,  the  switch  perveance  in  Fig.  11  is  only  weakly  dependent  on 
diode  geometry.  We  find  that  the  perveance  without  end  barriers  does  not 
vary  when  the  gap  size  is  varied  from  3  to  10  mm.  On  the  other  hand,  in 
Fig.  11,  we  find  that  the  normalized  perveance  strongly  depends  on  the  posi¬ 
tion  of  the  electron  barriers,  and  that  small  shift  of  electron  barrier  position 
can  result  in  variations  of  by  an  order  of  magnitude. 

5.2  Origin  of  the  leakage  current 

In  an  earlier  experiment  [5],  it  was  assumed  that  axial  leakage  current  was 
eliminated  after  installation  of  electron  barriers,  and  the  remaining  radial 
current  in  the  cut-off  magnetron  was  attributed  to  a  resistive  wall  type  in¬ 
stability.  In  the  present  experiment,  we  have  reproduced  the  leakage  current 
measurements  in  [5],  but  find  that  axial  leakage  current  was  not  eliminated 
at  the  electron  barrier  position  used  in  [5].  Furthermore,  we  cannot  iden¬ 
tify  any  instability  that  could  account  for  this  current.  Although  we  have 
no  explanation  for  the  different  results,  the  strong  reduction  of  oscillation 
amplitude  with  B  and  the  sensitivity  of  leakage  current  to  electron  barrier 
geometry  suggests  that  leakage  current  is  axial  rather  than  radial. 

Simple  considerations  of  electrostatic  fields  in  the  magnetron  predict  that 
the  cylindrical  magnetron  geometry  should  confine  the  electrons  axially[10]. 
However,  several  mechanisms  can  lead  to  axial  leakage  current,  such  as  emis¬ 
sion  from  the  electron  barriers,  or  tilt  or  misalignment  [3].  The  barrier  tem¬ 
perature  in  the  present  experiment  is  too  low  to  cause  thermionic  emission. 
Small  changes  of  the  anode  position  associated  with  reassembly  of  the  anode- 
cathode  system  were  found  to  have  no  noticeable  effects  on  the  leakage  per¬ 
veance.  However,  distortion  of  the  electric  and  magnetic  field  in  the  diode 
gap  can  cause  acceleration  of  electrons  along  the  axial  component  of  the  elec¬ 
tric  field  [4].  This  ’’end”  effect  could  partly  explain  the  strong  dependence  of 
leakage  current  on  electron  barrier  position.  Moreover,  at  very  close  barrier 
positioning,  remaining  axial  leakage  currents  may  also  be  caused  by  trans¬ 
mission  of  accelerated  electrons  through  the  barriers,  since  the  design  is  not 
fully  opaque. 


Ill 


6  Conclusion 


We  have  presented  measurements  on  the  current- volt  age  characteristics  of 
a  crossed-field  diode  below,  around,  and  above  cut-off.  We  cannot  identify 
oscillations  associated  with  any  known  instability.  Xhis  is  in  contrast  to  a 
previous  experiment,  but  agrees  with  theory  on  the  microsecond  time  scale 
used.  In  the  highly  cut-off  diode,  the  measured  leakage  current  depends 
strongly  on  the  electron  barrier  properties,  therefore,  we  believe  the  leakage 
current  to  be  mainly  axial. 

The  feasibility  of  the  MINOS  concept  for  fast  high-power  switching  ap¬ 
plications  [13]  depends  critically  on  (1)  stable  operation  on  microsecond  time 
scales,  and  (2)  reduction  of  leakage  current  to  normalized  perveance  levels 
of  IQ-"*  or  less.  For  example,  open  switch  losses  of  10  %  require  a  leakage 
perveance  <10  ^  whereas  losses  <  1  %  require  a  leakage  perveance  <  10~^ 
for  a  typical  inductive  storage  pulse  generator.  Both  stability  and  low  leak¬ 
age  perveance  have  been  demonstrated  in  the  MX-1  experiment.  This  allows 
us  to  project  GW  peak  and  MW  average  power  switches  at  voltages  up  to 
~  100  kV  with  >  80  %  efficiency.  It  should  be  pointed  out  that  close  po¬ 
sitioning  of  electron  barriers,  leading  to  low  leakage  current  and  thus  high 
switch  efficiency,  also  reduces  the  voltage  stand-off  of  the  switch.  Careful 
design  of  electron  barriers  is  therefore  necessary  for  making  efficient  high 
voltage  switches. 
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ABSTRACT 

Secondary  Electron  Emission  properties  of  polycrystalline  diamond  films  grown  from 
Chemical  Vapor  Deposition  have  been  measured.  The  total  secondary  yield  coefficient  (a) 
has  been  observed  to  be  as  high  as  20  at  room  temperature  and  48  while  freating  at  700  K 
in  vacuum  from  as-grown  samples.  Electron  Beam  Activated  -  Alkali  Terminated  diamond 
films  have  shown  stable  values  of  a  as  high  as  60  when  coated  with  Csl  and  similarly  high 
values  with  other  alkali-halides.  Diamond  coated  with  BaF2  had  a  stable  yield  of  a  =  6,  but 
no  enhancement  of  the  secondary  emission  properties  were  observed  with  coatings  of  Ti  or 
Au.  Hydrogen  has  been  identified  to  give  rise  to  this  effect  in  as-grown  films.  However, 
electron  exposure  led  to  a  reduction  in  a  to  values  as  low  as  2.  Exposure  to  a  molecular 
hydrogen  environment  recovered  cj  to  the  original  high  values  after  degradation,  and  enabled 
stable  secondary  emission  during  electron  exposure. 


INTRODUCTION  AND  BACKGROUND 

Interest  in  technological  applications  of  diamond  has  shifted  recently  from  wear  resistant  coatings 
to  electronics[l,2]  due  to  the  Negative  Electron  Affinity  (NEA)  of  natural  diamond[3],  coupled 
with  the  relative  ease  of  fabrication  of  conductive  diamond  films  grown  by  Chemical  Vapor 
Deposition  (CVD)[4].  It  is  also  well  established  that  the  diamond  surface  is  terminated  with 
hydrogen[5,6],  which  may  give  rise  to  NEA  in  natural  diamond  and  some  well  oriented  CVD 
diamond  films[7,8].  This  present  work  is  a  continuation  of  Secondary  Electron  Emission  (SEE) 
measurements  from  diamond  on  Mo,  Si,  Ti,  AIN,  and  Pd  which  began  several  years  ago[9-14] 
and  indicated  that  diamond  may  be  suitable  in  many  secondary  emitter  applications  due  to  its 
high  secondary  yield  (a). 

Devices  which  utilize  secondary  emitters  include  crossed-field  devices  such  as  magnetrons, 
crossed-field  amplifiers  (CFA),  traveling  wave  tubes  (TWT),  electron  multipliers  and 
photomultiplier  tubes  (PMT).  Such  devices  are  essential  in  radar,  intelligence  gathering,  space 
communications,  and  night  vision  glasses.  Materials  used  presently  in  secondary  emitter 
applications  may  have  values  of  a  as  high  as  4,  but  generally  fall  between  2  and  3[15,16].  A 
cathode  material  with  significantly  higher  secondary  emission  may  reduce  noise,  improve  tum-on 
characteristics  and  increase  stability  and  efficiency  in  crossed-field  devices. 
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Hydrogen  was  identified  to  be  responsible  for  the  high  values  of  a  from  as-grown  CVD  diamond 
films[9-ll].  Total  secondary  yields  as  high  as  27  from  diamond/Mo  and  as  high  as  48  from 
diamond/Pd  were  measured  in  vacuum  during  heating  to  700  K.[10].  The  total  secondary  yield 
was  observed  to  degrade  as  a  function  of  fluence  under  continuous  exposure  to  an  electron  beam 
due  to  electron  induced  desorption  of  hydrogen[9,10].  Subsequent  exposure  to  a  molecular 
hydrogen  partial  pressure  of  1.0  X  10'^  torr  for  approximately  20  minutes  would  recover  a  to  the 
original  values.  The  total  secondary  yield  from  diamond/Mo  was  stable  at  a  =  12  during 
continuous  electron  exposure,  with  a  molecular  hydrogen  partial  pressure  of  1.0  X  10‘^  torr 
present[9].  The  total  secondary  yield  was  observed  to  be  stable  at  a  =  25  from  diamond/Pd 
during  exposure  to  a  continuous  beam  of  electrons  at  1  keV  while  heating  at  700  K  which 
produced  a  hydrogen  background  pressure  of  ~  1.0  X  10'^  torr[10]. 

High  stable  secondary  emission  (a  =  25  -  45  @  1500  eV)  in  Ultra-High  Vacuum  (UHV)  was 
achievable  by  coating  CVD  diamond  with  an  alkali-halide  thin  film  and  activating  the  surface 
by  electron  exposure[12,13].  The  activation  produced  a  halogen  free  surface  (as  observed  with 
AES)  which  was  terminated  by  ~  1  monolayer  of  the  alkali  metal,  and  was  reproducible  using 
different  alkali-halide  overcoatings.  These  Electron  Beam  Activated  -  Alkali  Terminated 
(EBAAT)  diamond  surfaces  showed  no  degradation  of  a  after  long  term  electron  beam  exposure 
when  Csl  was  used  as  the  overcoating,  and  promising  results  with  little  degradation  when  NaCl 
or  KCl  were  used.  The  EBAAT  surface  was  stable  to  temperatures  in  excess  of  120°  C  and 
when  exposed  to  atmosphere  for  several  months[13]. 

Emission  from  EBAAT  diamond  films  has  been  observed  to  decrease  in  the  presence  of  Ar  at 
pressures  in  excess  of  1.0X10'^  torr  when  under  exposure  to  a  primary  electron  beam  with  current 
density  less  than  1  mA/cm^.  The  decrease  in  ct  is  not  permanent,  and  is  probably  due  to 
impurity  atoms  contaminating  the  EBAAT  surface.  The  effect  can  be  reversed  by  either  an 
increase  in  primary  current  density  or  a  decrease  in  pressure.  However,  for  this  reason  the 
EBAAT  diamond  is  not  necessarily  as  desirable  as  the  hydrogen  terminated  diamond  for  specific 
applications.  Also,  NEA  observations  from  diamond  coated  with  thin  films  (submonolayer  and 
monolayer  coverages)  of  Ti  and  Co[7,17]  suggest  that  these  or  other  materials  may  produce  high 
stable  a  and  allow  operation  at  higher  temperatures.  These  considerations  were  the  motivation 
for  this  work. 


EXPERIMENTAL  PROCEDURE 

SEE  measurements  were  conducted  in  a  UHV  chamber  with  a  base  pressure  of  1.0  X  10  '°  torr. 
The  experimental  setup  has  been  described  previously [9].  The  samples  tested  were  p-type 
diamond  films  on  Mo  and  Si  substrates,  ranging  from  1pm  to  20pm  in  thickness,  grown  by  hot 
filament  (HF)  and  microwave  plasma  (MP)  CVD.  Total  secondary  yield  vs.  primary  beam  energy 
was  measured  from  all  samples,  where  Ep„„^^  ranged  from  100  eV  to  3  keV  in  50  eV 
increments.  To  investigate  the  effects  of  beam  exposure  on  a,  each  as-grown  sample  was 
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exposed  to  the  electron  beam  for  up  to  72  hours  at  current  densities  ranging  from  50  pA/cm^  to 
10.0  mA/cm^.  Diamond  targets  overcoated  with  various  materials  were  tested  for  up  to  seven 
days  under  continuous  electron  beam  exposure.  The  beam  diameter  ranged  from  0.12  to  0.25 
mm.  The  current  density  was  held  constant  during  each  experiment  and  the  data  were  normalized 
by  comparing  the  fluence  dependence  of  each  sample.  In  all  cases  the  data  were  collected  every 
5  seconds  while  the  primary  beam  energy  was  held  constant  in  the  range  1.0  to  1.5  keV. 

Scaiming  Electron  Microscopy  (SEM),  Raman  Scattering  Analysis,  and  Auger  Electron 
Spectroscopy  (AES)  were  used  to  determine  the  quality  of  the  diamond  targets,  and  to 
characterize  the  affects  of  heating  and  hydrogen  and  oxygen  exposure  on  the  diamond  samples. 
AES  was  used  to  investigate  changes  in  the  shape  of  the  carbon  peak  from  CVD  diamond/Si  due 
to  ionic  bombardment,  indicating  graphitization  of  the  diamond  surface. 

BaFj  coatings,  30  nm  thick,  were  resistively  evaporated  onto  diamond  targets  in  a  diffusion 
pumped  high  vacuum  system  with  a  base  pressure  of  2X10'*  torr.  Thin  coatings  of  Ti  and  Au, 
ranging  from  <  1  monolayer  to  30  nm  in  thickness,  were  vacuum  deposited  from  a  resistively 
heated  source  onto  diamond  targets  in  a  turbopumped  preparation  chamber  attached  to  the  main 
UHV  test  chamber  and  separated  with  a  gate  valve.  SEE  properties  of  these  samples  were 
measured  as  described  above.  Thin  Csl  coatings  were  deposited  onto  representative  diamond 
samples  from  the  depositions  used  for  Ti  and  Au  coatings,  and  the  targets  were  used  as  control 
samples  to  insure  that  diamond  films  from  different  depositions  had  similar  SEE  properties. 


EXPERIMENTAL  RESULTS 

SEE  measurements  from  as-grown  samples  have  been  discussed  previously  [9-11]  and  some 
results  will  be  included  here  for  comparison.  Figures  1  and  2  show  a  vs.  and  a  vs. 

fluence  data  from  representative  CVD  diamond  targets,  respectively.  No  differences  in  the  SEE 
results  have  been  observed  to  arise  from  the  different  deposition  techniques  (HFCVD  and 
MPCVD).  <7max  as-grown  samples  nominally  occurred  between  1000  and  1500  eV,  and 
ranged  from  10  to  20  as  is  seen  in  Figure  1.  As-grown  CVD  diamond/Pd  had  a  maximum  total 
yield  of  ~  20  at  1400  eV,  and  a  maximum  total  yield  of  48  at  3  keV  while  heating  in  vacuum 
at  700  K[10].  EBAAT  diamond/Mo  had  a  maximum  total  yield  of  50  -  60  at  3  keV  at  room 
temperature[13,  18]. 

Figure  2  shows  that  a  decreased  from  uncoated  targets  under  electron  exposure  in  vacuum, 
independent  of  the  hydrogen  surface  treatment.  Stable  SEE  (cr  =  12)  was  observed  from  as- 
grown  diamond/Mo  in  a  hydrogen  atmosphere  of  1.0  X  10'^  torr  while  exposed  to  a  1  keV 
electron  beam  (not  shown)[9].  It  was  noted  that  at  the  values  of  hydrogen  partial  pressure  and 
current  density  necessary  for  stable  a,  the  hydrogen  molecules  were  impinging  on  the  diamond 
surface  at  the  same  rate  as  the  energetic  electrons[9].  Stable  a  >  25  from  diamond/Pd  was  also 
observed  when  the  sample  was  heated  in  vacuum  to  700  K  (cf  Figure  2)  while  the  target  was 
exposed  to  a  1  keV  electron  beam  [10].  At  this  temperature  the  Pd  substrate  provided  a  hydrogen 
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TOTAL  SECONDARY  YIELD 


Figure  1 


Figure  2. 


Total  Secondary  Yield  (a)  vs.  primary  beam  energy  from  CVD  diamond:  (V)  as-grown  on  Mo; 
(x)  as-grown  on  Pd;  (•)  heating  in  vacuum  to  700  K  (Mo);  ( ♦)  heating  in  vacuum  to  700  K  (Pd); 
(□)  after  atomic  hydrogen  treatment  (Mo);  (a)  after  hydrogen  plasma  treatment  (Mo);  (a)  EBAAT 
surface  using  Csl  (Mo). 


Total  Secondary  Yield  (a)  vs.  Fluence  from  CVD  diamond  at  1  keV:  (V)  as-grown  on  Mo;  (•) 
heating  in  vacuum  to  700  K  (Mo);  (♦)  heating  in  vacuum  to  700  K  (Pd);  (□)  after  atomic 
hydrogen  treatment  (Mo);  (^)  after  hydrogen  plasma  treatment  (Mo) 
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background  pressure  of  1.0  X  10‘®  torr,  which  was  sufficient  to  replenish  the  surface  hydrogen 
desorbed  by  the  electron  beam.  After  sufficient  heating  hydrogen  stored  in  the  Pd  substrate  was 
depleted  and  a  decrease  with  the  same  behavior  seen  in  the  as-grown  films  (cf.  Figure  3).  Figure 
3  shows  that  stable  SEE  (ct  =  20-45  @  1500  eV)  was  readily  observed  from  alkali-halide  coated 
diamond  films  in  UHV,  independent  of  primary  beam  current[12,13,18]. 


Figure  3.  Total  Secondary  Yield  (<t)  vs.  Fluence  at  1.5  keV:  (solid  line)  EBAAT  diamond/Si  using  Csl; 

(short  dashed  line)  diamond/Pd  during  heating  in  vacuum  at  700  K;  (long  dashed  line)  diamond/Si 
coated  with  30  nm  BaF2. 

Barium  is  well  known  for  lowering  the  work  fimction  of  W  and  Mo,  thereby  enhancing  emission 
in  thermionic  cathodes [19-21]  To  investigate  possible  enhancement  of  secondary  emission  from 
Ba  on  CVD  diamond,  thin  BaFj  films  were  deposited  onto  diamond.  It  was  hoped  that  a 
monolayer  coverage  could  be  produced  by  electron  exposure  similar  to  the  EBAAT  process, 
which  might  lower  the  work  fimction  of  the  diamond  surface.  As  is  seen  in  Figure  3,  a  vs. 
fluence  from  BaF2  coated  diamond  showed  a  behavior  similar  to  that  of  EBAAT  samples. 
However,  the  maximum  value  of  <t  never  exceed  6  at  1.5  keV  in  all  samples  tested.  Csl  coated 
diamond  films  from  the  same  diamond  coated  Si  wafers  used  with  BaF2  had  values  of  ct  >  30 
under  the  same  operating  parameters. 

The  fluence  dependence  of  a  from  diamond  in  vacuum  during  exposure  to  electrons,  shown  in 
Figure  2,  has  been  observed  in  all  as-grown  CVD  diamond  targets  tested,  independent  of  current 
density  or  substrate  material.  It  was  observed  previously  that  energetic  primary  electrons  induced 
hydrogen  desorption  from  the  diamond  surface,  which  resulted  in  lower  CT(cf  Figure  2). 
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The  carbon  Auger  peak  from  an  as-grown  diamond  surface,  before  and  after  Ar  ion  sputtering 
at  2kV,  is  shown  in  Figure  4.  Before  sputtering  the  signature  diamond  Auger  peak  was 
observed[22].  After  sputtering  for  6  minutes  the  diamond  structure  was  destroyed,  as  indicated 
by  the  graphitic  shape  of  the  carbon  peak.  Ionic  bombardment  using  oxygen  at  2kV,  and 
hydrogen  to  as  low  as  200  V,  produced  the  same  change  in  the  carbon  peak  from  CVD  diamond 
targets.  Heating  in  vacuum  led  to  increased  0  in  as-grown  films  (cf  Figure  1),  but  had  no  affect 
on  the  sputtered  surfaces. 


KINETIC  ENERGY  (eV) 

Figure  4.  Auger  carbon  peak  from  as-grown  diamond/Si  (top  curve)  and  after  Ar  ion  sputtering  at  2kV  for 

6  minutes  (lower  curve)  indicating  a  graphitic  structure. 

Most  metals  exhibit  a  maximum  value  of  0  at  a  primary  beam  energy  between  0.6  and  1 
keV[23].  Measurements  from  as-grown  CVD  diamond  indicate  that  the  maximum  value  of  0 
occurs  between  1  and  1.5  keV.  The  total  secondary  yield  vs.  Ep„„^^  curves  from  EBAAT 
diamond  using  Csl  and  the  diamond/Pd  during  heating  shown  in  Figure  1  are  atypical  since  a 
maximum  value  of  0  has  not  been  reached  at  3  keV.  These  data  suggest  that  emission  is  being 
generated  below  the  surface  in  these  materials,  since  the  deeper  penetrating  higher  energy 
electrons  appear  to  lead  to  an  increasing  number  of  secondaries.  No  measurements  were  made 
above  3  keV  to  determine  the  maximum  value  of  0  from  these  samples.  It  is  likely  that  this 
behavior  was  not  observed  in  the  as-grown  films  due  to  the  desorption  of  hydrogen  by  the 
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electrons  striking  the  surface  before  penetrating  into  the  bulk.  This,  of  course,  would  increase 
the  work  function  and  prevent  electrons  generated  deeper  in  the  diamond  from  escaping  to 
vacuum. 

Secondary  electron  emission  vs.  fluence  data  from  EBAAT  diamond  during  heating  (T  >  150°C) 
or  at  elevated  pressures  (1.0  X  10'^  torr  Ar,  not  shown)  show  the  EBAAT  surface  to  be  highly 
sensitive  to  impurity  concentrations  and  temperature.  Multiple  Ti  and  Au  depositions  were  made 
onto  two  diamond  on  Mo  films  to  investigate  the  possibility  of  other  emission  enhancing  surface 
coatings  which  may  have  the  benefit  of  withstanding  higher  temperatures. 

The  depositions  were  performed  in  a  preparation  chamber  without  breaking  vacuum,  and  the 
vacuum  during  depositions  never  exceeded  5  X  10'’  torr.  Csl  was  deposited  in  the  same  way 
onto  a  diamond  target  grown  during  the  same  deposition  as  those  used  with  the  metal  overlayers 
to  insure  that  the  diamond  had  potential  for  high  stable  SEE.  The  total  secondary  yield  measured 
from  the  Csl  coated  control  sample  was  stable  and  exceeded  30  at  1500  eV.  Figure  5  shows 
multiple  scans  of  <t  vs.  fluence  from  diamond/Mo  coated  with  Ti,  with  the  overlayer  thicknesses 
starting  from  <  1  monolayer  and  increasing  in  multiple  monolayer  increments.  Measurements 
from  Au  coated  films  indicated  the  same  behavior.  The  overlayer  materials  were  chosen  based 
on  emission  enhancing  effects  reported  in  the  literature.  Ti/diamond  has  been  reported  as  a  NEA 
material[7],  and  thin  Au  films  have  been  reported  to  stabilize  field  emission  from  CVD  diamond 
films[24,25].  With  each  successive  deposition  the  maximum  c  was  reduced,  until  the  SEE 
behavior  became  that  of  the  overlayer  material. 


FLUENCE  (CycnP) 

Figure  5.  Total  Secondary  Yield  (a)  vs.  Fluence  from  CVD  diamond/Mo  after  successive  depositions  of  Ti. 
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CONCLUSIONS 


High  SEE  has  been  observed  from  CVD  diamond  films  grown  on  various  substrates.  In  as- 
grown  films  the  effect  is  due  to  surface  hydrogen  which  is  unstable  under  exposure  to  electrons. 
Alkali-halide  coatings  on  the  diamond  films  lead  to  high  stable  emission  in  UHV  after  the  surface 
is  activated  by  electron  exposure.  No  differences  in  SEE  properties  have  been  observed  between 
samples  grown  by  HE  or  MPCVD.  The  SEE  properties  appear  to  have  little  or  no  dependence 
on  the  substrate  material,  except  in  the  case  of  Pd  substrates  where  heating  allows  a  continuous 
flow  of  hydrogen  fi'om  the  Pd  onto  the  diamond  surface  which  stabilizes  a.  Thin  BaF2  coatings 
provided  some  enhancement  in  the  stability  of  a  but  the  maximum  yield  was  considerably  lower 
than  EBAAT  surfaces  or  even  as-grown  films. 

The  a  vs.  ^p^mary  ^om  EBAAT  diamond  coated  with  Csl  shows  higher  emission  at  higher 
primary  energies,  indicating  that  electrons  generated  deeper  within  the  bulk  are  drifting  to  the 
surface  and  being  emitted  into  the  vacuum.  However,  the  data  from  as-grown  films  indicates  that 
the  surface  properties  ultimately  determine  the  SEE  properties  from  CVD  diamond. 

Although  Ti  on  diamond  has  been  observed  to  be  a  NEA  material  when  Ti  is  <  1  monolayer 
thick,  no  SEE  enhancing  effect  was  observed  when  thin  layers  were  deposited  onto  diamond. 
The  same  results  were  observed  with  thin  Au  films. 

High  SEE  properties  of  CVD  diamond  make  the  material  a  candidate  for  crossed-field  device 
applications.  More  investigation  is  necessary  under  harsh  environmental  conditions  like  those 
found  in  CFD’s  (i.e.  high  temperatures,  high  primary  current  densities).  Graphitization  poses  a 
challenging  problem  since  ionic  back  bombardment  of  a  diamond  cathode  in  CFD’s  in 
unavoidable.  Csl  coatings  appear  to  provide  some  protection  to  ion  sputtering  compared  to 
uncoated  films.  Other  materials  which  might  enhance  SEE  while  protecting  the  surface  are  being 
investigated. 
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Abstract 

Crossed-field  amplifier  (CFA)  tubes  require  secondary-electron-emission  cathodes 
with  high  secondary-electron  yield,  reliable  performance,  and  long  life  in  the  CFA 
environment.  Insulators  in  general  have  higher  secondary-electron  yields  than 
metals  and  semiconductors.  However,  means  to  provide  electrical  conductivity  are 
necessary  to  replenish  the  electrons  lost  from  the  secondary-electron-emission 
process.  The  results  of  our  recent  study  involving  BeO,  MgO/Au  cermet  and 
diamond  are  used  to  illustrate  the  methods  of  providing  electrical  conductivity,  the 
effect  of  surface  adsorbates  on  secondary-electron  yield,  and  the  effect  of  electron 
and  ion  bombardment  on  the  life  of  secondary-electron  emitters. 


L  Introduction 

Crossed-field  amplifiers  (CFA)  require  secondary-electron  emitters  with  high 
secondary-electron  yield  which  must  be  robust  in  the  CFA  environment.  We  will  present 
the  results  of  our  recent  studies  which  illustrate  some  common  properties  of  secondary- 
electron  emitting  materials.  All  of  the  examples  presented  here  involve  insulators.  In 
general,  insulators  are  excellent  secondary-electron  emitters  and  metals  are  poor  emitters 
[1,2].  This  fact  can  be  readily  explained  in  terms  of  the  differences  in  the  electronic  band 
structures  between  metals  and  insulators.  An  energetic  electron  impinging  on  a  sample 
loses  its  energy  through  collisions  with  surrounding  electrons  until  all  its  energy  is 
exhausted.  In  the  process,  each  incident  electron  generates  a  copious  amount  of  secondary 
electrons.  The  total  yield  of  secondary  electrons  depends  on  how  efficiently  these 
electrons  escape  from  the  sample  into  the  vacuum.  The  electron-electron  collisions  are 
also  the  major  energy-loss  mechanism  that  prevents  the  escape  of  secondary  electrons. 
Because  of  the  absence  of  conduction  electrons  in  insulators,  the  electrons  available  for 
these  collisions  are  the  valence  electrons.  The  presence  of  a  forbidden  energy  band  just 
above  the  valence  band  prevents  the  excitation  of  valence  electrons  into  that  energy. 
Therefore,  a  low  energy  electron  moving  through  the  material  with  an  energy  less  than  Eg 
(the  band  gap  energy)  suffers  no  electron-electron  collision  and  can  escape  from  deep 
within  the  material.  Thus  the  total  electron  yields  from  insulators  are  high,  and  the 
emitted  electrons  are  dominated  by  these  low-energy  electrons.  In  contrast,  large  electron 
densities  of  states  are  present  in  metals  just  above  Ae  Fermi  level.  An  outgoing  electron 
suffers  frequent  collisions  with  the  high  density  of  conduction  electrons  and  loses  energy 
in  the  process.  When  it  falls  below  the  vacuum  level,  it  cannot  escape.  Consequently, 
metals,  in  general,  have  low  secondary-electron  yields.  According  to  die  table  compiled 
by  Dekker  [1],  5m  (the  maximum  secondary-electron  yield)  is  much  less  than  2  for  most 
metals.  In  contrast,  based  on  the  table  compiled  by  Hachenberg  and  Brauer  [2],  insulators 
have  6m  greater  than  5,  and  specifically,  MgO  single  crystals  have  8m  =  23. 

Electron  losses  from  the  secondary-emission  process  need  to  be  replenished,  and 
electrical  conductivity  is  required  to  transport  the  replacement  electrons.  The  results  of 
studies  on  three  different  emitting  materials  are  presented  below.  Each  material  employs 
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an  entirely  different  approach  in  supplying  the  electrical  conductivity.  BeO  emitters  are 
actually  oxidi^d  beryllium;  the  bulk  of  the  material  is  metal  and  only  the  topmost  layer 
(about  20  A)  is  oxidized.  The  oxide  layer  is  thin  and  the  electrical  resistance  is  small. 
Another  emitter  material  is  MgO/Au  cermet,  which  is  a  mixture  of  insulator  (MgO)  and 
metal  (Au)  micro-crystals  with  particle  sizes  less  than  1(X)  A  in  diameter.  The  MgO/Au 
cermet  that  we  studied  was  75%  MgO  and  25%  Au,  and  a  continuous  conducting  paA  is 
provided  through  the  Au  particles.  The  last  example  involves  diamond.  Hie  electrical 
conductivity  in  the  diamond  samples  is  provided  by  appropriate  impurity  doping,  which 
is  a  widely  used  method  in  semiconductor  technology. 


n.  Oxidized  Beryllium 

Oxidized  beryllium  (Be)  is  the  material  of  choice  for  the  CFA  cathode  hub  in  the 
current  AEGIS  CFA  tubes.  We  found  that  the  secondary  emission  properties  of  BeO/Be 
depend  on  the  oxide  thickness,  surface  roughness,  and  surface  cleanliness,  but  not  on  the 
grain  structure  of  the  Be  stock.  Recently,  the  Be  stock  supplied  by  Brush  Wellman  Inc. 
changed  in  composition  from  one  composed  of  planar  grains  to  spherical  grains  because 
of  the  latter's  desirable  mechanical  properties.  Our  comparative  study  of  samples  from  the 
two  stocks  revealed  that  the  oxide  layers  have  comparable  thickness  and  the  secondary 
electron  yields  are  the  same  within  the  measurement  accuracy. 
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Fig  1.  Effect  of  carbon  on  the  secondary  electton  yield  of  an  oxidized  beryllium  sample. 

Surface  cleanliness  has  a  vety  strong  effect  on  the  secondary-electron  yield  of  the 
samples.  Carbon  containing  impurities  are  found  to  be  present  on  the  BeO  surfaces,  as  are 
commonly  found  on  air-exposed  surfaces.  The  carbon  presence  significantly  suppresses 
the  secondary-electron  yield  of  an  oxidized  Be  sample,  as  is  clearly  illustrated  in  Fig.  1. 
The  as-prepared  sample  was  chemically  cleaned  and  grit-blasted  to  simulate  the  surface 
condition  in  CFA  tubes.  A  light  ion-sputtering  removed  the  surface  carbon,  and  bm 
increased  by  almost  a  factor  of  two.  For  use  in  the  tube  processing,  heating  is  more 
practical  than  sputter  cleaning.  Fig.  2  shows  the  changes  in  surface  composition  and  dm 
during  a  step-wise  heating  of  one  hour  duration  at  each  temperature.  Although  the  carbon 
remov^  was  rather  slow,  a  change  in  the  chemical  state  of  carbon  was  observed  from  a 
graphitic  type  to  a  carbidic  type  [3].  Accompanying  this  change  is  a  rapid  rise  in  It  is 
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interesting  that  the  empirically  determined  tube  bake-out  procedure  is  performed  at  500- 
525°C  for  6  -  8  hours.  This  bake-out  is  just  sufficient  to  convert  the  graphitic  carbon  to 
carbidic  carbon.  The  results  here  provide  the  justification  for  such  a  high-temperature 
bake. 
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Fig.  2.  The  changes  in  surface  composition  and  5ni  as  a  function  of  BeO  heating. 

The  oxides  present  on  the  oxidized  Be  surfaces  are  very  thin,  and  consequently 
they  are  removed  by  electron  bombardment  and  ion  sputtering  during  the  initid 
operation.  At  this  point,  an  oxygen  source  (a  cuprous  oxide  appendage)  is  turned  on  to  re¬ 
establish  the  oxide.  This  initial  bum-in  process  is  labor-intensive  and  drives  up  the  cost  of 
the  tube  production.  While  one  possible  solution  is  to  use  an  initially  thick  oxide  coating, 
the  feasibility  of  this  approach  needs  to  be  assessed.  For  example,  changes  in  the 
secondary-electron  yield  and  film  resistivity  as  a  function  of  oxide  thickness  need  be 
studied;  and  the  technique  required  to  form  thick  oxide  layers  (e.g.,  plasma  discharge 
method)  needs  to  be  established.  We  are  currently  pursuing  these  stuthes.  However,  an 
alternative  approach  is  to  find  a  novel  material  that  will  provide  long-life  operation 
without  relying  on  an  oxygen  source.  One  potential  candidate  is  the  cermet-type  cathode. 

m.  MgO/Au  cermet 

MgO/Au  cermet  was  first  suggested  by  Henrich  and  Fan  [4,5]  as  an  alternative 
way  to  achieve  high  secondary-electron  emission  and  good  electrical  conductivity.  Such 
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films  can  have  maximum  secondary-electron  yields  of  about  8  and  can  be  several 
thousand  angstroms  thick  to  provide  long  life  without  an  oxygen  source.  V.  Ritz[6] 
deposited  a  4000  A  thick  MgO/Au  film  by  sputtering  a  75%  MgO/25%  Au  target  onto  a 
type  304  stainless  steel  hub.  The  cathode  hub  was  installed  in  a  L4707  CFA  tube,  and  a 
performance  test  was  carried  out  at  Litton  Industries  in  Williamsport  by  K.  Ramacher. 
The  bake-out  was  carried  out  at  425°C  for  12  hours.  The  tube  started  up  immediately,  and 
no  starting-jitter  was  observed.  The  tube  was  at  full  operation  by  the  27th  hour  and 
passed  all  specifications.  The  noise  level  was  better  than  that  of  the  average  tubes  with 
BeO  cathodes.  However,  the  tube  showed  a  linear  decline  in  performance  with  time  and 
after  560  hours,  the  tube  failed  to  meet  the  specifications.  A  postmortem  analysis  was 
carried  out  and  the  results  were  reported  earlier  [7].  The  tube  was  cut  open  in  an  Argon 
atmosphere,  and  the  cathode  hub  was  transferred  to  a  surface  analysis  system  having 
AES,  5-measurement  and  ion- sputtering  capabilities.  Auger-sputter-profile  analyses 
revealed  that  only  between  5%  to  25%  of  the  original  cermet  film  remained  on  the  hub 
surface.  There  were  visible  sharp  lines  evenly  spaced  around  the  circumference.  Auger 
analyses  indicated  that  the  sharp  lines  corresponded  to  the  regions  of  the  exposed 
stainless-steel  substrate  where  the  MgO/Au  overlayer  was  completely  removed.  An 
Auger  line  scan  is  shown  in  Fig.  3  where  the  contour  plot  of  the  Fe  peak  height  illustrates 
the  sharpness  of  the  lines  and  the  separation  between  the  lines.  The  separation  between 
the  Fe  peaks  matches  the  distance  between  the  vane  tips.  The  anode  vanes  must  have  had 
a  focusing  effect  on  the  ion  beams,  which  then  sputtered  the  MgO/Au  film  and  created 
the  sharp  lines.  Our  results  were  unable  to  determine  whether  the  focusing  effect  arose 
from  the  gaps  between  the  vanes  where  ions  were  generated  by  the  multipactor  effect 
(suggested  by  N.  Dionne),  or  from  the  electrical  field  of  the  leading  edges  of  the  vanes 
(suggested  by  R.  Vaughan).  Discolored  lines  have  long  been  observed  on  the  cathode 
hubs  of  CFA  tubes  after  operation.  The  compositional  change  from  the  MgO/Au  coating 
to  the  substrate  on  the  present  cathode  hub  provides  an  opportunity  to  examine  the  nature 
of  these  lines. 
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Fig.  3.  Fe  Auger  peak  height  across  two  ion-etched  lines 
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Both  the  electron  beam  and  the  ionized  gases  present  in  the  CFA  environment 
contributed  to  the  general  erosion  of  the  MgO/Au  film.  Assuming  the  Knotek-Feibelmen 
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mechanism  [8]  for  the  electron-beam  dissociation  of  MgO,  we  estimated  that  the 
electron-beam  irradiation  was  responsible  for  the  removal  of  300-800  A  of  the  film  in  560 
hours.  Using  Ae  experimental  sputtering  rate  of  a  MgO/Au  film,  we  calculated  an  erosion 
of  1200-2000  A.  Thus  the  total  erosion  due  to  both  mechanisms  was  1500-2800  A,  which  is 
fairly  close  to  3400  A,  the  difference  between  the  original  film  thickness  and  the  remaining 
film  thickness. 

The  life  time  of  a  MgO/Au  film  can  be  longer  than  560  hours  by  employing  a 
much  thicker  coating.  It  is  yet  to  be  determined  whether  the  higher  resistivity  of  such  a 
film  will  cause  an  adverse  effect  in  CFA  operations.  Electron-beam  bombardment  and 
ionized-gas  impingement  are  inherent  to  the  CFA  tube  environment  The  reliability  and 
life  time  of  a  coat^  film  will  depend  on  the  ability  of  the  film  to  withstand  the  electron- 
beam  and  ionized-gas  bombardment. 


IV.  Diamond 

Diamond  films  can  be  many  microns  thick  and  still  be  very  conductive  by  means 
of  appropriate  doping.  The  diamond  films  used  in  the  present  study  are  about  20  pm-hick 
free-standing  films.  The  secondary-electron  yield  of  diamond  has  been  extensively 
studied  by  Mearini  et  al.  [9,10]  and  they  found  an  exceedingly  high  6ni,  (as  high  as  SO¬ 
SO).  For  comparison,  the  oxidized  Be  cathodes  employed  in  the  AEGIS  CFA  tubes  have 
6m  =  2.6-2.8.  Recentiy  we  received  a  batch  of  diamond  samples  from  the  researchers  at 
Auburn  university  who  had  supplied  the  diamond  samples  for  the  Mearini  study.  In  our 
studies,  these  samples  showed  poor  secondary-electron  yield  and  pwr  emission  stability, 
but  we  are  not  yet  able  to  identify  the  reasons  for  the  poor  emission.  To  aid  in  the 
development  of  a  more  reliable  fabrication  technique,  it  is  important  to  understand  the 
factors  that  govern  the  high  secondary-electron  yields  of  diamond  films.  In  this  paper  we 
report  on  the  dependence  of  the  secondary-electron  yield  on  the  film  conductivity  and  the 
type  of  surface  termination. 


Fig.  4.  Secondary-electron-yield  curves  from  a  B-doped  diamond  sample  and  a  N-doped  diamond 
sample. 

Diamond  samples  are  commonly  doped  with  nitrogen  (N)  or  boron  (B).  N  creates 
a  deep  donor  level  in  diamond,  which  lies  1.7  eV  below  tiie  conduction  band  minimum. 
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Hence,  at  room  temperature,  N-doped  diamond  is  non-conductive.  On  the  other  hand,  B 
acceptors  have  an  energy  level  0.07  eV  above  die  valence-band  maximum,  and  therefore 
B-doped  diamond  is  fairly  conductive  at  room  temperature.  We  have  studied  four 
diamond  samples:  samples  #1  -  #3  are  B-doped  and  sample  #4  is  N-doped.  The  N-doped 
sample  showed  secondary-electron  yields  close  to  1  for  all  energies  (see  Fig.  4),  while  all 
B-doped  samples  showed  fairly  high  yields  (see  Fig.  5). 

Since  samples  #1,  #2,  tmd  #4  were  prepared  with  a  final  hydrogenation  step,  they 
have  hydrogen-terminated  surfaces.  Sample  #3  was  acid  cleaned  ^ter  hydrogenation  and 
thus  the  surface  is  oxidized.  Fig.  5  compares  the  secondary-electron-yield  curves  of  the 
three  B-doped  samples.  The  oxidized  sample  has  a  5m  which  is  more  than  a  factor  of  two 
lower  than  those  of  the  hydrogen-terminated  samples.  All  data  in  Fig.s  4  and  5  were 
measured  with  pulsed  incident  beam  at  low  current  density  such  that  the  measured  yields 
would  not  be  changed  by  the  probing  electron  beam.  Although  the  desorption  of 
hydrocarbons  adsorbed  on  the  as-received  samples  [11]  would  increase  the  total  yield, 
the  general  conclusions  of  the  study  are  not  altered:  electrical  conductivity  is  necessary 
for  the  secondary-electron-emission  process,  and  hydrogen  termination  is  essential  to  the 
high  secondary-electron  yield  of  diamond  surfaces. 


Fig.  5.  Secondary^lectron-yield  curves  from  samples  #1  and  #2,  which  are  hydrogen  terminated, 
and  sample  #3,  which  is  oxidized.  All  samples  are  B-doped  diamond  samples. 

We  have  also  studied  the  energy  distribution  of  the  emitted  secondary  electrons. 
Fig.  6  compares  the  energy-distribution  curve  from  a  hydrogen-terminated  sample  with 
that  from  the  o^dizcd  sample.  A  sharp  peak  just  above  the  emission  threshold  is  present 
in  the  energy-distribution  curves  of  ail  hydrogen-terminated  samples.  Similar  sharp  peaks 
were  observed  in  the  photo-emission  spectra  of  diamond  surfaces.  Flimpsel  et.  al.  [12] 
interpreted  the  feature  to  be  due  to  "quasi  thermalized  secondaries  in  the  lowest 
conduction  band".  Hydrogen-terminated  ^amond  surfaces  are  known  to  have  very  low 
elytron  affinities,  and  some  crystal  faces,  e.g.  (Ill)  and  (110),  have  negative  electron 
affinity.  The  low  or  negative  electron  affinity  allows  the  large  density  of  electrons  piled 
up  above  the  conduction  band  minimum  to  escape  into  the  vacuum.  The  high  electron 
concentration  in  the  narrow  low-energy  region,  within  which  electrons  have  a  long  escape 
depth,  explains  the  exceedingly  high  secondary-electron  yield  observed  with  diamond. 
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Furthermore,  we  observed  that  the  sharp  peak  became  much  larger  with  higher  primary 
energies.  At  higher  incident  energy,  ±e  primary  electrons  penetrate  deeper  into  the 
diamond.  Since  the  secondary  electrons  travel  from  deeper  within  the  interior,  electron- 
electron  collisions  settle  more  and  more  electrons  near  the  bottom  of  the  conduction 
band.  Oxidation  removes  the  hydrogen  and  increases  the  electron  affinity.  The  higher 
vacuum  barrier  prevents  the  high  concentration  of  low-energy  electrons  to  escape,  and  the 
secondary-electron  yield  drops.  Fig.  6  shows  clearly  that  on  the  oxidized  sample  the 
threshold  of  emission  is  at  a  higher  energy  and  the  large  sharp  peak  is  absent. 


Fig.  6.  Energy  distribution  curves  of  secondary  electrons  emitted  from  samples  #1  and  #3  .  The 

energy  of  the  primary  electron  beam  was  120  eV. 

V.  Summary 

Insulators  in  general  have  high  secondary-electron  yields  because  the  energy-loss 
mechanism  of  electron-electron  collisions  is  diminished  or  unavailable  to  the  low-energy 
secondary  electrons.  In  order  to  function  as  an  effective  secondary  emitter,  electric^ 
conductivity  is  needed  to  replenish  the  electrons  lost  in  the  secondaiy-electron-emission 
process.  We  have  shown  in  our  studies  that  non-conductive  diamond  is  indeed  a  very 
poor  secondary-electron  emitter. 

Siuface  adsorbates  have  a  strong  effect  on  secondary-electron  emission.  On  BeO 
surfaces,  carbon  adsorption  severely  suppresses  the  secondmy-electron  emission.  On  the 
other  hand,  hydrogen  adsorption  is  essential  to  the  high  secondary-electron  yield  of 
diamond. 

Electron  and  ion  bombardment  cannot  be  avoided  during  operation  of  CFA  tubes. 
The  erosion  by  electron  and  ion  beams  severely  limits  the  useful  life  of  MgO/Au  cermet 
cathodes.  The  ability  to  withstand  electron  and  ion  bombardment  is  essential  to  the 
reliability  and  long  life  of  a  secondary  emitter.  This  should  be  an  important  test  in  the 
evaluation  of  a  secondary-electron  emitter  material. 
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ABSTRACT 


At  Northeastern  University,  two  experimental  crossed-field  amplifiers  at  RF  frequency 
have  been  in  operation  as  test  vehicles  to  study  basic  and  non-linear  device  physics,  noise 
mechanisms,  and  examine  numerical  techniques  for  computer  simulation  codes.  Our 
research  has  taken  up  a  combined  approach  of  in  situ  plasma  diagnostics  and  computer 
simulations  to  examine  phenomena  occurring  within  the  crossed-field  gap.  The  device  has 
been  operated  in  different  regimes  such  as,  non-reentrant,  fully  reentrant,  reentrancy 
controlled,  and  emitting  sole  arrangements.  Comparison  between  experimental  results  and 
results  of  the  MASK  simulation  code  have  been  made  for  various  operating  parameters 
under  these  regimes. 

As  device  gain  is  a  result  of  well  formed  electron  bunches,  or  spokes,  noise  generation 
can  be  related  to  other  physical  processes  such  as  reentrant  electrons,  secondary  emission, 
and  electron  hub  instabilities.  We  have  shown  that  decreasing  the  amount  of  reentrant 
electrons  does  reduce  the  noise  level,  but  this  may  not  be  a  practical  solution  to  the  noise 
problem  due  to  reduced  system  gain.  We  are  now  examining  the  effects  of  secondary 
emission  and  electron  hub  characteristics.  We  have  seen  electron  hub  instabilities  in  the 
form  of  discrete  frequencies  which  tune  with  magnetic  field  and  are  presently  looking  at  the 
effects  of  RF  drive  on  these  oscillations.  Examining  the  wideband  frequency  spectrum,  non¬ 
linear  effects  are  present.  As  the  drive  power  increases,  lower  fi-equency  components  are 
suppressed  and  new  frequency  components  are  generated  closer  to  the  carrier.  Higher 
power  operation  shows  increased  modulation  close  in  to  the  carrier  signal  as  the  RF  drive 
increases.  Device  simulations  also  show  similar  results.  Results  are  reported. 

1.  INTRODUCTION 

As  the  new  age  of  wireless  communication  becomes  more  advanced,  strict  bandwidth 
management  will  be  of  major  importance  in  the  development  of  microwave  power  sources. 
Advanced  design  schemes  and  techniques  for  improved  device  performance  and  low  cost  will  be 
necessary  for  the  development  of  next  generation  crossed-field  devices.  Crossed-field  devices 
have  been  the  fundamental  source  in  many  applications  due  to  their  capability  to  provide  high 
levels  of  microwave  power.  These  devices  have  been  in  use  for  more  than  fifty  years  and, 
although  advancement  in  the  technology  has  been  evident,  larger  strides  in  device  improvement 
are  necessary  for  increased  application  in  industrial  and  commercial  markets. 

Microwave  tube  design  involves  extensive  analysis  in  various  areas  of  technology.  Typical 
designs  are  comprised  of  electrical,  mechanical,  thermal,  and  material  engineering  issues.  As  a 
highly  creative,  multidisciplinary  process,  tube  design  often  advances  the  state-of-the-art  in 
physics,  engineering,  and  manufacturing.  Although  new  tube  design  poses  electromagnetic  design 
challenges,  the  other  issues  frequently  consume  equivalent  design  resources.  As  next  generation 
designs  will  incorporate  advanced  techniques  for  the  overall  improvement  in  device  operation,  the 
need  for  reliable  computational  tools  will  become  essential.  Numerical  models  for  use  in  the 
design  of  microwave  tubes  are  under  development  and  are  reaching  advanced  levels.  This 
necessitates  the  need  for  experimental  devices  with  extensive  diagnostics.  Systems  of  this  type 
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will  be  important  for  the  design,  development,  and  verification  of  algorithms  for  the  simulation  of 
the  various  design  aspects  of  microwave  tubes. 

We  have  designed  and  constructed  crossed-field  amplifiers  (CFAs)  of  linear  and  circular 
configuration  to  provide  measurements  of  the  interaction  region  during  amplification,  verifications 
of  numerical  simulation  codes,  and  to  study  possible  noise  sources.  The  CFAs  are  designed  for 
operation  at  100  to  500  MHz,  low  power,  and  large  in  dimension  to  allow  for  the  insertion  of 
probes  for  plasma  diagnostics.  Typically,  the  CFAs  are  operated  in  the  injected  beam  format,  but 
we  have  incorporated  various  materials  into  the  circular  dewce  to  provide  for  secondary  emission 
operation.  We  have  shown  the  effective  use  of  our  unique  in  situ  plasma  diagnostic  techniques 
for  the  measurement  of  electron  density,  electron  energy,  and  local  RF  fields  in  the  interaction 
region  of  our  previous  crossed-field  amplifier  experiments[l-6].  Our  experimental  systems  will  be 
used  extensively  to  provide  information  for  the  verification  and  advancement  of  the  present 
computational  tools.  Comparisons  of  the  measurements  with  theories  and  simulations,  such  as  the 
MASK  code[7,8],  will  provide,  not  only  verifications,  but  also  may  give  insight  into  new  designs. 

The  circular  format  device  has  been  operated  in  various  configurations  such  as,  non¬ 
reentrant,  fully  reentrant,  reentrancy  controlled,  and  emitting  sole  configurations  [1].  In  this  paper 
we  present  experimental  and  computational  results  of  device  performance  and  also  examine 
mechanisms  which  may  lead  to  noise  in  the  circular  CFA. 

II.  EXPERIMENTAL  DEVICE 

Crossed-field  amplifier  devices  operate  on  the  principle  of  energy  transfer  between 
electrons  and  RF  electric  fields.  The  energy  transfer  occurs  when  where  Vg  is  the  electron 

drift  velocity  and  Up  is  the  RF  phase  velocity  as  seen  by  the  electrons  [5].  The  electron  drift 

velocity  is  controlled  by  the  applied  static  electric  and  magnetic  fields  whereas  the  RF  phase 
velocity  is  determined  by  the  anode  slow  wave  structure.  The  slow  wave  structure  functions  to 
retard  an  applied  RF  signal  in  order  to  match  the  circuit  phase  velocity  to  the  electron  drift 
velocity.  Potential  energy  from  the  electrons  is  transferred  to  the  RF  field  as  the  electrons  bunch 
and  drift  toward  the  anode  upon  experiencing  a  favorable  RF  electric  field  component,  Ej^?,  from 

the  slow  wave.  As  the  electrons  travel  along  the  circuit,  (j)  direction  for  circular  geometry,  the  RF 
electric  field  will  oppose  the  motion  of  the  electrons  which  will  cause  the  electrons  to  drift 
towards  the  anode  (radially  outward)  with  velocity,  v^  =  Ej^fB,  hence  transferring  potential 
energy  to  the  field  while  maintaining  a  constant  azimuthal  velocity  component,  ua  In  this  case, 
gain  is  observed.  The  RF  electric  field  can  also  accelerate  the  electrons  in  whicn  case  the  field 
transfers  energy  to  the  electrons  such  that  the  electrons  are  driven  towards  the  sole  electrode. 
Optimum  performance  is  achieved  when  the  electrons  reach  the  s5mchronous  velocity  which  is 
slightly  greater  than  the  RF  phase  velocity,  therefore  a  majority  of  the  electrons  will  be  driven 
toward  the  anode. 

The  design  of  the  circular  CFA  uses  parameters  such  that  diagnostic  probes  can  be  placed 
in  the  interaction  region  without  disturbing  the  operation  of  the  device.  This  leads  to  a  physically 
large  system  as  described  below.  The  frequency  range  of  100  MHz  -  500  MHz  was  chosen  due  to 
the  fact  that  the  wavelength  is  much  larger  than  the  dimensions  of  the  diagnostic  probes.  This 
allows  for  probe  measurements  with  minimum  perturbation  of  the  electric  field  and  space  charge. 
Specific  details  of  the  design  can  be  seen  in  [1].  The  device  structure  is  shown  in  Fig.  1. 
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fig.  1  (ai)  Configuration  (top  view )  of  the  circular  CFA  showing  the  electron  drift  region  and  the  segmented  end- 
hats.  (b)  Configuration  (cut-away  view)  of  the  circular  CFA  with  segmented  end-hats  and  in  situ  prd)e. 

III.  MASK  SIMULATION  CODE 

The  MASK  code  [7,8]  is  a  2  1/2  dimensional,  finite  difference,  time  domain,  particle-in¬ 
cell  simulation  code.  The  code  follows  three  positions  and  three  velocities  for  each  simulation 
particle  and  allows  for  three  components  of  the  electric  and  magnetic  fields,  but  the  electric  and 
magnetic  fields  can  only  vary  in  two  dimensions,  hence  2  1/2  dimensional.  Finite  differences  of 
various  physical  quantities  are  defined  on  a  discrete  grid  and  are  used  to  approximate  differential 
operators.  Particle-in-cell  computation  corresponds  to  the  division  of  the  physical  space  into  cells 
by  a  grid.  Quantities  such  as  charge  density,  currents,  potentials,  and  fields  are  computed  only  on 
this  simulation  grid.  Field  values  are  interpolated  to  the  location  of  the  particles,  which  may  be 
located  anywhere  within  the  physical  space.  MASK  can  be  operated  as  either  an  electrostatic 
code  or  as  a  fully  electromagnetic  code  as  it  advances  the  full  relativistic  equations  of  particle 
motion,  for  all  particles. 

The  MASK  code  has  been  adapted  for  crossed-field  amplifier  simulation  by  SAIC’s 
Applied  Physics  Operation.  MASK  can  be  used  to  simulate  injected  beam  devices  as  well  as 
distributed  emission  operation.  Other  capabilities  include  the  representation  of  forward  or 
backward  wave  slow  wave  structures,  with  or  without  loss,  on  the  anode  and/or  cathode,  primary 
and  secondary  emission,  and  space  charge  fields.  An  extensive  diagnostic  package  is  also 
included  with  the  MASK  code.  Included  are  field,  particle,  emission,  and  slow  wave  circuit 
diagnostics.  The  MASK  CFA  simulation  cycle  can  be  seen  in  Fig.  2. 

III.  REENTRANT  CONFIGURATION 


The  reentrant  device  allows  for  controllable  electron  recirculation.  We  have  shown  [1]  that 
increasing  the  number  of  recirculating  electrons  increases  the  noise  level  in  this  device  (Fig.  3). 
Various  experiments  and  numerical  simulations  (MASK)  to  further  characterize  the  Northeastern 


Fig.  2  MASK  CFA  Simulation  cycle. 


Fig.  3  Experimental  narrowband  signal-to-noise  ratio  vs.  percent  reentrancy. 
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reentrant  CFA  have  been  accomplished.  The  MASK  model  of  the  reentrant  device  requires  the 
representation  of  the  beam  injector  as  an  emitting  surface  defined  on  the  grid  which  is  assigned  a  - 
1.45  kV  bias  corresponding  to  the  experimental  condition.  The  slow  wave  structure  is  also 
modeled  using  the  observed  experimental  parameters.  Experimentally,  we  observe  a  2  dB  circuit 
loss  (insertion  loss),  this  is  modeled  as  a  distributed  loss  in  the  code.  The  loss  is  distributed 
equally  over  the  104  circuit  sections.  We  have  also  examined  the  effect  of  secondary  emission  in 
the  simulation  by  adjusting  the  secondary  yield  coefficient  of  the  sole  material.  Experimental 
results  for  gain  vs.  sole  bias  and  gain  vs.  beam  current  have  been  compared  to  simulation  results 
as  can  be  seen  in  Fig.  4.  The  simulation  parameters  correspond  to  the  experimental  parameters 
with  the  exception  of  the  variable  secondary  yield  parameter.  As  we  can  see,  this  curve  contains 
multiple  peaks  in  which  MASK  has  predicted  quite  well.  This  is  a  very  important  benchmark  in 
the  code  development.  According  to  a  guiding  center  theory  [9,10],  the  double  gain  peaks  (see 
Fig.  4)  which  have  been  observed  both  through  the  experiment  and  in  the  MASK  simulation  could 
be  a  feedback  effect  of  the  recirculating  space  charge  [9,10].  The  voltage  difference  between  the 
peaks  of  this  curve  leads  to  EX.  B  drift  velocities  that  cause  a  change  in  the  electron  transit  time 
that  is  equal  to  one  RF  period.  This  result  may  also  be  very  important  in  the  study  of  feedback 
effects  on  the  performance  of  CFA’s  [10]. 

We  have  examined  the  effect  of  secondary  emission  on  system  performance  using  the 
variable  secondary  yield  parameter  in  MASK.  Simulations  have  been  performed  with  secondary 
>ields  of  0,  1,  and  1.5  (Fig.  4).  We  note  that  the  simulation  case  in  which  the  secondary  yield 
equal  to  1  closest  matches  the  experimental  data.  Experimentally,  we  do  predict  a  secondary  yield 
of  1  due  to  the  fact  that  no  net  sole  current  is  observed.  It  appears  that  MASK  is  quite  sensitive 
to  secondary  emission  from  the  sole. 

For  further  comparison  to  the  MASK  simulation  we  have  examined  the  wideband  noise. 
This  is  accomplished  by  calculating  the  signal-to-noise  ratio  by  using  the  statistics  of  the  I  (In- 
phase)  and  Q  (Quadrature)  channel  signals.  We  have  developed  an  experimental  technique  to 
produce  this  result.  The  amplifier  output  signal  is  acquired  from  a  Tektronix  TDS  520A  digitizing 
oscilloscope  through  a  general  purpose  interface  bus  (GPIB)  installed  in  an  IBM  compatible 
computer.  The  signal  is  then  mixed  with  mathematical  cosinusoidal  signals  which  are  in  phase  and 
90  degrees  out  of  phase  with  the  input  signal.  Using  an  FFT  filter,  we  then  filter  out  the  second 
harmonic,  produced  by  the  mixing  operation,  resulting  in  the  I  and  Q  channel  signals.  The  mean 
and  standard  deviation  are  then  calculated  for  each  channel  and  the  signal-to-noise  ratio  is 
subsequently  defined  as 


N 


(1) 


where  ai  and  Gq  are  the  standard  deviations  of  the  I  and  Q  channel  signals,  respectively,  and 

=  2F„(Ocos(a)/  +  ^^o)  and  G„(/)  =  2VXt)s\n(cot +  (2) 

are  the  in-phase  and  quadrature  components  and  V„(t)  is  the  voltage  signal  on  vane  #n. 

The  output  signals  from  the  MASK  simulation  and  the  experiment  are  shown  in  Fig.  5. 
Calculations  using  eight  experimental  waveforms  for  the  fully  reentrant  case  show  that  the  device 
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Fig.  4  (a)  A  comparison  of  device  electronic  gain  versus  sole  voltage  operating  in  the  fully  reentrant 

configuration.  MASK  simulations  have  been  performed  for  three  different  values  of  secondary  yield,  (b) 
A  comparison  of  device  electronic  gain  versus  beam  current  operating  in  the  fully  reentrant  configuration. 
MASK  simulations  have  been  performed  for  two  different  values  of  secondary  yield. 


(a)  (b) 


Fig.  5  Amplifier  output  waveforms  a)  simulation,  b)  experiment. 

signal-to-noise  ratio  is  25.75  dB  ±  1.01  dB  as  compared  the  MASK  result  of  24.25  dB. 
Diagnostic  plots  produced  by  the  MASK  code  can  be  seen  in  Figs.  6.  Figure  6a  shows  a  snapshot 
of  the  particle  position  at  t  ~  1.08  p.S,  the  end  of  the  simulation.  Figure  6b  shows  a  time  history 
plot  of  the  power  delivered  to  the  load.  As  we  can  see,  this  quantity  fluctuates  over  time,  this 
relates  to  the  noise  in  the  device.  The  time  frame  here  is  approximately  .5  |aS. 
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Fig.  6  (a)  MASK  output.  Particle  position  snapshot,  (b)  MASK  time  history  plot.  This  plot  represents  the  power 

delivered  to  the  load  over  a  time  period  of  approximately  .5  microseconds. 

IV.  EMITTING  SOLE  CONFIGURATION 

A.  Device  Modification 

The  key  technical  issue  upon  conversion  of  the  reentrant  CFA  from  beam-injection  to 
emitting-sole  operation  is  to  develop  and  maintain  an  active  secondary  emitting  surface  at  the 
sole.  We  use  the  original  beam-injection  mechanism  with  altered  beam  optics  to  provide  primary 
electron  bombardment  which  initiates  a  chain  reaction  of  secondary  emission  over  the  entire  sole 
surface.  The  RF  fringing  field  further  enhances  the  process  leading  to  a  high  density  electron  hub 
surrounding  the  sole.  For  our  low  power  CFA,  secondary  emitters  with  relatively  high  yield  and 
low  cross-over  energy  is  necessary. 

Experiments  have  been  underway  to  accomplish  emitting  sole  operation  in  our  circular 
CFA.  Our  approach  is  to  incorporate  new  materials  to  the  CFA  sole.  The  primary  beam 
bombardment  is  provided  by  the  electron  source  biased  more  negatively  than  the  sole  electrode, 
this  configuration  allows  for  the  adjustment  of  the  primary  bombardment  energy.  The  net  sole 
current  is  monitored  as  an  indication  of  emitting  sole  operation.  The  aluminum  and  aluminum 
oxide  (grade  6061,  part  magnesium)  sole  was  used  for  initial  testing,  and  found  to  be  insufficient 
to  provide  enough  secondary  emission.  We  then  examined  the  secondary  emission  properties  of 
pure  (grade  1100)  aluminum.  This  material  was  incorporated  into  the  circular  CFA  and 
successfully  used  to  achieve  emitting  sole  operation. 

B.  Device  Operation 

Operating  parameters  under  this  regime  have  been  increased,  as  compared  with  previous 
experimental  configurations  [1].  The  input  RF  power  is  now  on  the  order  of  hundreds  of  watts. 
The  electric  and  magnetic  fields  have  been  increased  by  approximately  50%.  The  operating  sole 
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voltage  is  now  -3.0  kV  and  the  magnetic  field  is  120  Gauss.  We  are  now  operating  at 
approximately  cOc/2.  We  have  seen  up  to  150  mA  of  emission  from  the  sole. 

Basic  measurements  used  to  partially  characterize  the  device  have  been  completed.  We 
have  examined  the  electronic  gain  versus  input  power.  The  sole  emission  current  was  held 
constant  at  100  mA.  The  results  can  be  seen  in  Fig.  7a.  In  Situ  probe  measurements  within  the 
interaction  region  have  been  used  to  show  the  existence  of  an  electron  hub.  Radial  density 
measurements  near  the  output  end  of  the  device  clearly  show  a  large  increase  in  electron  density 
close  to  the  sole.  Results  of  these  measurements  are  shown  in  Fig.  7b. 


IV.  Crossed-Field  Noise  Mechanisms 

A  Operation  without  RF  Drive 

A  physical  mechanism  of  the  instability  associated  with  a  static,  reentrant  crossed- 
field  electron  flow  is  the  self-excitation  of  azimuthal  space  charge  waves.  The  wavelength  of  the 
eligible  oscillations  satisfies  K  X^=L,  where  L  is  the  azimuthal  length  of  the  cylindrical 
geometry,  and  K  is  the  mode  number.  This  relation  determines  the  fi-equency  of  the  possible 
oscillations  assuming  a  match  between  the  phase  velocity  and  azimuthal  component  of  the 
electron  velocity,  or  =  r  (d^/dt) .  As  the  electron  azimuthal  velocity  varies  across  the  sole- 

anode  interaction  space,  the  resulting  oscillation  frequencies  also  vary,  i.e.  oscillation  frequency 
depends  upon  the  position  of  the  hub  electrons  which  excite  the  wave  [11].  As  the  magnetic  field 
is  increased  the  secondary  hub  will  be  confined  closer  to  the  sole  surface,  and  based  on  Brillouin 
modeling,  the  frequency  increases  as  the  thickness  of  the  Brillouin  hub  increases,  i.e.  as  the 
magnetic  field  decreases.  Figure  8a  shows  the  wide  band  spectrum  of  our  device  operating 
without  RF  drive.  This  picture  shows  numerous  oscillations  spaced  approximately  8  MHz  apart, 
also,  higher  power  oscillations  exist  and  are  space  approximately  45  MHz  apart.  Our  observation 


(a)  (b) 

Fig.7  (a)  Device  electronic  gain  versus  input  power,  (b)  Radial  electron  density  measurements  taken  near 
output  segment  of  device.  This  shows  the  existence  of  an  electron  hub  as  we  move  to  within  1  cm  from 
the  sole. 
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Spectrinn  of  the  Oscillation  (Resolution  Btodwidth  =  1  MHz) 
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Fig.8  (a)  Experimental  output  spectrum  without  RF  drive  (b)  MASK  output  spectrum  without  RF  drive. 


has  determined  that  the  high  power  oscillations  are  very  stable  and  the  intermediate  oscillations 
are  unstable,  both  in  terms  of  amplitude  stability.  As  we  operate  the  device  in  the  emitting  sole 
configuration,  both  primary  electrons  (beam  injection)  and  secondary  electrons  (emission)  are 
present.  The  stable  high  power  peaks  may  correspond  to  space  charge  waves  caused  by  the 
primary  beam  injection,  which  is  a  stable,  controllable  process.  Whereas  the  lower  power 
oscillations  (8  MHz  spacing)  may  very  well  be  caused  by  the  secondary  electrons  which  will 
typically  be  confined  closer  to  the  sole  explaining  the  lower  frequency  spacing.  Also  the  unstable 
nature  of  the  oscillations  may  correspond  to  an  unstable  secondary  emission  process.  MASK 
simulations  of  this  mode  of  operation  also  shows  similar  behavior,  i.e.  multiple  oscillations  spaced 
approximately  7.4  MHz  apart  (Fig.  8b). 


B.  The  Effect  ofRF  Drive 

At  low  RF  drive  level,  the  typical  effect  is  a  change  in  the  amplitude  of  the  oscillation 
lines.  The  amplitude  of  the  high  power  oscillations  (A/* ~  45  MHz)  is  suppressed  by  about  10  dB; 
while  the  lower  power  oscillations  (Af~  8  MHz)  are  generally  promoted,  indicating  an  increase 
of  sole  secondary  emission.  The  low  power  oscillations  are  immediately  modulated  by  the  carrier 
frequency,  forming  distinct  side  band.  As  the  drive  power  increases,  lower  frequency  components 
are  suppressed  and  new  frequency  components  are  generated  closer  to  the  carrier.  Accompanied 
with  the  high  drive,  sole  secondary  emission  also  increases  significantly.  In  Fig.  9  which  shows  a 
case  of  62  W  drive,  new  fundamental  frequencies  (e  g.,  4  MHz)  between  the  8  MHz  low  modes 
emerge  from  a  broad  band  spectrum  sideband  from  80  MHz  to  140  MHz.  These  results  set  the 
stage  for  the  examination  of  the  narrow  band  spectrum  and  the  effect  of  secondary  emission. 

C  The  Effect  of  Secondary  Emission  on  Close  In  Noise 

An  examination  of  the  narrow  band  spectrum  close  to  the  carrier  reveals  interesting 
phenomena.  These  experiments  are  designed  to  look  at  the  noise  levels  in  the  output  signal  of  the 
CFA  for  various  levels  of  primary  and  secondary  electron  current.  Figure  10a  shows  the  narrow 
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Wideband  Oscillation  vs.  RF  Drive 
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Fig.  9  The  effect  of  62  watts  of  RF  drive  on  the  out  put  spectrum. 

band  spectrum  for  three  operating  cases,  1)  200  mA  of  primary  current  and  0  mA  of  secondary 
current,  2)  175  mA  of  primary  current  and  25  mA  of  secondary  current,  and  3)  150  mA  of 
primary  current  and  50  mA  of  secondary  current.  As  we  can  see,  the  noise  floor  increases 
drastically  with  the  introduction  of  secondary  emission,  also  we  see  distinct  sideband  structures 
forming  approximately  500  kHz  out  from  the  carrier.  The  sideband  structures  become  very 
evident  as  the  secondary  emission  is  increased  to  50  mA.  Due  to  the  frequency  offset  of  the 
sidebands,  this  phenomena  may  be  caused  by  external  mechanisms  such  as  power  supply 
resonances.  To  examine  this  possibility,  a  2  uF  capacitor  was  place  in  parallel  with  the  CFA  to 
change  the  loading;  the  results  are  shown  in  Fig.  10b.  As  we  can  see,  the  sideband  structures 
have  been  suppressed,  but  the  noise  floor  due  to  the  secondary  emission  is  still  very  evident.  Here 
the  noise  power  is  calculated  by  averaging  the  spectrum  power  density  across  a  noise  band 
defined  to  exclude  the  carrier  signal.  We  then  calculated  the  signal-to-noise  ratio  (S/N)  using  this 
averaged  value  as  the  decibel  value  below  the  peak  signal  per  unit  frequency  (dBc/Hz).  Figure 
11  is  a  plot  of  the  S/N  of  the  circuit  output  as  a  function  of  the  net  sole  emission  current  and  the 
RF  drive  level.  The  range  of  the  calculated  S/N  is  comparable  with  that  of  a  practical  emitting- 
sole  CFA.  We  see  that,  at  200  W  RF  drive,  S/N  degrades  by  more  than  10  dB  as  the  sole  current 
increases  from  zero  to  25  mA,  which  indicates  that  the  participation  of  a  small  amount  of 


143 


Fig.  10 
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(a)  (b) 

(a)  Output  spectrum  for  three  cases,  1)  0  ruA  secondary  electron  current  (shaded  region),  2)  25  mA 
secondary  electron  current  (sidebands  starting  to  form),  and  3)  50  mA  secondary  electron  current 
(distinct  sideband  spikes),  (b)  Output  spectrum,  with  parallel  capacitor,  for  two  cases,  1)  0  mA 
secondary  electron  current  (shaded  region),  2)  50  mA  secondary  electron  current  (siddrands  have  been 
suppressed). 


Fig.  1 1  Calculated  signal-to-noise  ratio  based  on  the  measured  spectrum  as  a  function  of  RF  drive  level  and 
sole  secondary  emission. 

secondary  electrons  can  introduce  a  large  amount  of  close-in  noise.  In  the  sole  current  range 
greater  than  25  mA,  the  S/N  deterioration  seems  to  stop.  Beyond  50  mA  sole  current,  data  is  not 
available  at  this  point  as  to  predict  whether  there  will  be  a  come  back  for  the  S/N. 

The  200  W  drive  level  in  Fig.  11  is  approximately  where  the  reentrant  amplifier  system  has 
its  peak  gain.  Higher  RP  drive  would  result  in  a  decreased  gain  due  to  insufficient  DC  beam 
power.  At  100  W  and  300  W  drive  level,  the  amplifier  is  at  least  15  dB  noisier. 
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V.  CONCLUSIONS 


We  have  developed  experimental  systems  that  will  provide  insight  into  next  generation  of 
designs  for  microwave  tubes,  specifically  crossed  field  amplifiers.  The  experimental  crossed  field 
amplifiers  have  also  provided  verification  of  the  MASK  simulation  code.  Comparisons  of  various 
overall  device  operating  parameters  have  been  made  with  good  agreement. 

The  emitting  sole  configuration  is  very  important  due  to  the  fact  that  the  operating  mode 
is  that  of  a  practical  device.  We  have  examined  this  configuration  under  various  conditions  and 
RF  drive  levels.  Initial  evidence  that  the  secondary  electron  current  may  generate  noise  or 
modulation  components  close  in  to  the  carrier  as  a  fiinction  of  RF  drive  exists.  Also,  evidence  of 
an  increased  noise  floor  with  the  introduction  of  secondary  emission  is  very  prominent.  Noise  in 
these  devices  can  also  be  introduced  into  by  external  sources  such  as  power  supply  interaction. 
Noise  in  crossed-field  devices  is  very  complex  and  can  be  generated  by  numerous  sources. 
Measurement  techniques  will  be  further  advanced  for  more  detailed  measurements  and 
comparisons  of  the  emitting  sole  device. 
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ABSTRACT 

The  Electromagnetic  Sources  Division  of  the  Advanced  Weapons  and  Survivability 
Directorate  at  the  Phillips  Laboratory  is  dedicated  to  the  development  of  HPM  sources. 
This  paper  will  report  on  the  single-shot  and  rep-rate  work  done  on  a  magnetically  insulated 
line  oscillator  (MILO).  The  MILO  is  a  linear  magnetron  type  device  with  the  bias  magnetic 
field  supplied  by  the  current  flowing  through  the  tube,  hence  no  externally  applied  magnetic 
field  is  required.  This  work  concentrates  on  the  axial  extraction  of  the  microwave  power  in 
contrast  to  most  of  the  previous  work  which  concentrated  on  the  radial  extraction  of  power. 
Theory  has  predicted  and  experiments  have  shown  that  a  number  of  parameters,  including 
but  not  limited  to,  the  boundaries  at  the  ends  of  the  slow  wave  structure  (SWS),  the 
location  of  the  emission  region,  the  method  of  launching  the  beam,  the  anode-cathode  gap, 
and  the  number  of  cavities,  all  have  a  significant  effect  on  the  operation  of  the  tube.  A 
number  of  tests  at  diode  voltages  from  150  kV  to  over  500  kV  have  been  conducted  to  gain 
a  better  understanding  of  the  mechanisms  controlling  the  operation  of  the  device. 
Additionally,  some  preliminary  experiments  at  modest  rep-rates  have  been  conducted.  To 
date  RF  powers  over  1  GW  for  short  pulses  (<100  ns)  have  been  achieved  with  the  goal  of 
further  Increasing  the  output  power  and  increasing  the  pulsewidth  to  lOO’s  of  nanoseconds. 
The  results  of  the  these  experiments  and  corresponding  simulations  are  reported  here. 

INTRODUCTION 

The  MILO  is  attractive  as  a  source  of  high  power  microwaves  because  it  is  compact, 
lightweight,  requires  no  external  magnetic  field  coils  and  operates  at  low  impedance,  typically  less 
than  10  Q.  Operation  at  low  impedance  implies  that  lO’s  of  GW  of  input  power  are  available  at 
modest  pulser  voltages  (lOO’s  of  kV).  The  primary  drawback  of  the  MILO  is  that  since  the  bias 
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magnetic  field  is  provided  by  the  current  fiowing  through  the  tube,  only  approximately  20%  of  the 
input  power  is  available  to  be  converted  into  RF  energy. 

The  feasibility  of  a  MILO  as  an  HPM  source  has  been  investigated  previously  by  a  number 
of  researchers^'^  and  references  therein.  These  experiments  concentrated  on  radial  power 
extraction  out  of  the  cavities  because  of  the  inherent  nature  of  the  MILO  to  run  very  close  to  a  pi 
mode  (no  power  flow  in  the  axial  direction).  A  few  hundred  megawatts  of  power  and  10 ’s  of 
Joules  were  extracted  in  this  fashion.  Work  on  the  MILO  was  reinitiated  because  simulations 
with  a  plasma  backfill  have  shown  that  the  tube  operates  in  a  traveling  wave  mode  (not  the  pi 
mode)  allowing  axial  extraction  and  also,  it  has  been  predicted  that  the  presence  of  the  plasma 
backfill  enhances  the  power  output.  The  presence  of  the  plasma  neutralizes  the  space  charge  of 
the  beam  allowing  more  power  to  flow  in  the  beam  that  is  interacting  with  the  slow  wave 
structure  (SWS),  thus  generating  higher  output  power. 

Experiments  to  date  have  studied  the  vacuum  MILO  (plasma  fill  is  planned  for  FY96),  and 
have  produced  microwave  pulses  slightly  less  than  100  ns  in  duration  at  powers  over  1  GW.  It 
has  been  found  experimentally  that  the  terminations  at  the  ends  of  the  MILO  structure  and  the 
means  of  emitting  or  launching  the  electron  beam  into  the  SWS  have  dramatic  effects  on  the 
operation  of  the  tube.  By  incorporating  the  appropriate  boundaries  on  the  ends  of  the  tube  it  can 
be  made  to  operate  at  diode  voltages  over  500  kV  with  output  powers  of  several  hundred  MW, 
where  without  these  boundaries  the  tube  never  operated  over  220  kV  and  at  very  low  efficiencies, 
only  producing  approximately  100  MW  of  RF  power.  Through  a  combination  of  experiments  and 
computer  simulations  other  modifications  were  made  that  further  improved  the  performance  so 
that  output  powers  over  1  GW  at  diode  voltages  of  500  kV  have  been  achieved.  After  a 
description  of  the  operation  of  the  MILO  and  the  experimental  configuration,  each  of  these 
enhancements  to  the  tube  and  the  performance  under  rep-rate  conditions  will  be  discussed. 

MILO  OPERATIONAL  DESCRIPTION  AND  EXPERIMENTAL 

CONFIGURATION 

A  short  description  of  the  operational  characteristics  of  the  MILO,  using  Fig.  1  for 
reference,  will  be  given.  The  reader  is  referred  to  a  previous  paper"*  for  further  details  of  the 
operation.  A  high-voltage  pulse  is  delivered  to  the  tube  from  the  left  and  the  microwaves  are 
extracted  from  the  right.  Upon  introduction  of  the  high-voltage  pulse  there  is  emission  along  the 
length  of  the  cathode.  The  current  under  the  SWS  and  in  the  beam  dump  region  is  sufficient  to 
cause  magnetically  insulated  flow  of  the  beam,  that  is,  initially  before  the  microwaves  are 
produced  the  electrons  flow  parallel  to  the  cathode  axis  under  the  SWS.  This  flow  interacts  with 
an  electromagnetic  wave,  whose  characteristics  are  determined  by  the  SWS,  and  energy  is 
transferred  from  the  electron  beam  to  the  electromagnetic  wave.  The  growing  electromagnetic 
wave  induces  an  RF  voltage  across  the  extractor  gap  which  produces  a  TEM  wave  in  the  coaxial 
section  around  the  beam  dump.  The  TEM  wave  propagates  down  the  short  section  of  coaxial 
waveguide,  is  converted  into  a  TMoi  mode  in  circular  waveguide,  which  is  then  radiated  from  a 
slant-cut  or  “Vlasov”  antenna. 
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Vacuum  Interface 


Figure  1.  Schematic  Diagram  of  the  MILO. 

The  pulser  that  delivers  the  input  voltage,  depicted  to  the  left  in  Fig.  1,  is  the  Phillips 
Laboratory  Rep-Rate  Pulser^  It  is  a  computer  controlled,  variable  voltage  (150-500  kV), 
variable  impedance  (5, 10,  and  20  Q),  rep-rate  (a  few  Hz  to  lO’s  of  Hz  depending  on  impedance 
and  charge  voltage)  device.  The  MILO  vacuum  chamber  is  connected  to  the  pulser  through  an 
acrylic  vacuum  interface.  All  components  of  the  tube  are  fabricated  of  aluminum  except  for  the 
beam  dump  which  has  a  graphite  sleeve  on  the  inside  to  absorb  the  energetic  electron  beam. 
Velvet  is  used  as  the  emitting  surface  and  is  fixed  to  the  cathode  with  spray  glue.  It  has  been 
found  that  the  location  of  this  emission  surface,  or  where  the  emission  starts  with  respect  to  the 
beginning  of  the  SWS  is  critical  to  the  efficient  operation  of  the  MILO.  The  vanes  are  aluminum 
annuli  with  copper  fingerstock  around  the  outside  circumference.  The  fingerstock  allows 
adjustment  of  the  vane  spacing  (SWS  period)  and  the  easy  insertion  and  removal  of  the  vanes  for 
vane  number  variation.  The  beam  dump  is  supported  by  two  sets  of  two  6.35  mm  diameter 
conducting  rods  which  also  serve  as  the  current  return  path  from  the  beam  dump.  The  bell  jar 
serves  as  the  vacuum  interface  on  the  output  end  of  the  tube.  Initially  a  mylar  window  was 
located  in  the  circular  waveguide  section  but  at  high  power  levels  it  suffers  from  electrical 
breakdown.  The  actual  tube  dimensions  are:  (1)  starting  from  the  left,  the  first  three  vanes  (RF 
choke),  the  second  three  vanes,  and  the  last  vane  (extractor  vane)  have  inner  radii  of  7.62  cm, 
8.57  cm,  and  9.21  cm,  respectively  and  are  all  1.27  cm  thick,  (2)  the  SWS  period  (vane 
separation)  is  3.81  cm,  (3)  the  cathode  radius  is  5.72  cm,  (4)  the  outer  wail  radius  is  14.3  cm,  (5) 
the  inner  and  outer  radii  of  the  beam  dump  are  8.57  cm  and  10.48  cm,  respectively,  and  (6)  the 
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cathode  length  extending  into  the  beam  dump  is  12.7  cm.  A  diagram  of  a  MILO  simulation  is 
shown  in  Fig.  2.  It  should  be  noted  that  the  diagram  is  cylindrically  symmetric  about  the  z-axis,  is 
not  to  scale,  and  only  shows  the  MILO  tube  and  a  short  section  of  the  beam  dump.  A  voltage 
pulse  is  introduced  from  the  left  and  propagates  to  the  right  in  Fig.  2.  Electrons  are  emitted  from 
the  cathode,  interact  with  the  SWS  and  the  RF  power  is  extracted  from  the  coaxial  section 
through  a  perfectly  transmitting  boundary  to  the  right.  The  electron  trajectories  in  Fig.  2  illustrate 
the  ;r-mode  operation  of  the  tube.  In  the  jr-mode,  the  electric  fields  in  adjacent  cavities  are  180 
degrees  out  of  phase,  which  causes  the  electrons  to  be  attracted  to  alternating  cavities  and 
repelled  elsewhere. 


MILO  OPTIMIZATION 


Experiments  were  initially  performed  with  a  MILO  having  9  uniform  vanes.  During  these 
early  tests  the  importance  of  the  upstream  boundary,  the  RF  choke,  became  apparent.  Then, 
experimentally  and  through  the  use  of  computer  simulations  the  importance  of  the  downstream 
boundaries,  the  emission  length,  the  number  of  cavities,  and  the  dimensions  of  the  extractor  vane 
was  investigated.  In  general  the  tube  was  optimized  with  the  particle-in-cell  code  TWOQUICK^ 
and  then  these  modifications  were  implemented  experimentally.  This  turned  out  to  be  a  very 
effective  method  of  optimization  because  the  experimental  results  were  generally  in  good 
agreement  with  the  simulation  predictions  and  the  amount  of  hardware  that  actually  had  to  be 
fabricated  and  tested  was  greatly  reduced.  Each  of  the  modifications  implemented  to  improve 
tube  performance  are  discussed  below. 


Figure  2.  Diagram  of  the  MILO  Simulation  Illustrating  The  Pi-mode  Operation. 
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The  first  three  vanes  to  the  left  in  Figs.  1  and  2  have  been  designated  the  RF  choke.  It  has 
multiple  effects  on  the  operation  of  the  MILO  tube.  The  original  impetus  in  the  design  of  the  RF 
choke  was  to  reflect  the  power  escaping  upstream,  back  into  the  MILO  at  the  correct  phase  to 
add  constructively  within  the  SWS  region.  This  was  accomplished  by  making  the  inner  radii  of 
the  choke  vanes  smaller  than  the  radii  of  the  primary  SWS  resulting  in  the  stop  band  of  the  RF 
choke  structure  overlapping  the  pass  band  of  the  primary  SWS.  This  is  a  very  efficient  reflecting 
boundary.  Power  reflected  back  into  the  tube  increases  the  RF  voltage  across  the  downstream 
vanes,  which,  in  turn,  strengthens  the  coupling  to  the  electron  flow.  A  second  effect  of  the  RF 
choke  is  in  the  beam  launching  at  the  upstream  end  of  the  MILO.  Setting  the  upstream  emission 
limit  under  the  last  choke  vane  ( the  third  vane  from  the  left  in  Figs.  1  and  2)  causes  the  electron 
flow  in  the  primary  SWS  to  move  closer  to  the  cavity  openings  where  the  RF  voltage  is  highest, 
thus  increasing  the  conversion  efficiency.  Thirdly  a  MILO  with  an  RF  choke  operates  at  a  lower 
impedance  than  a  MILO  without  a  choke.  At  lower  impedance  there  is  more  current  in  the 
electron  flow  under  the  primary  SWS,  and  hence  more  power  in  the  electron  beam  to  generate 
microwaves.  Figure  3  shows  a  comparison  of  experimental  data  obtained  for  configurations  with 
and  without  the  RF  choke.  The  error  bars  on  the  graph  correspond  to  shot-to-shot  variation  in 
the  output  power,  at  a  fixed  voltage,  for  a  series  of  shots.  The  “with  choke”  data  corresponds  to 
the  experimental  configuration  described  earlier,  and  for  the  ‘Svithout  choke”  data  the  three  RF 
choke  vanes  were  replaced  with  vanes  identical  to  those  in  the  primary  SWS.  In  both  cases  the 
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Figure  3.  Comparison  of  the  RF  Output  Power  for  the  Configurations  With  and  Without 
the  RF  Choke  vs.  Diode  Voltage. 
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emission  was  allowed  to  start  under  the  third  vane.  It  can  be  seen  that  the  inclusion  of  the  RF 
choke  essentially  doubles  the  power  radiated  by  the  MILO.  The  anomaly  in  the  data  trend  for  the 
“with  choke”  data  at  diode  voltages  of  400  kV  is  a  result  of  an  RF  breakdown  of  the  antenna  and 
bell  jar  which  reflects  power  back  into  the  tube  and  causes  it  to  hop  to  an  asymmetric  mode  of 
operation.  During  a  pulse  there  is  an  increase  in  pressure  within  the  tube  because  of  heating  of 
the  graphite  beam  dump  or  from  the  velvet  cathode.  This  pressure  increase  gets  worse  the  higher 
in  voltage  the  tube  is  operated,  and  at  high  voltage  and  high  power  causes  the  antenna  and  bell  Jar 
to  break  down.  The  reflection  from  the  plasma  that  is  formed  causes  the  tube  to  hop  into  a  non¬ 
radiating  asymmetric  mode.  The  data  point  at  525  kV  showing  an  output  of  approximately  1  GW 
was  obtained  from  a  single  shot  after  the  tube  was  allowed  to  pump  over  night.  A  means  of 
mitigating  this  breakdown  problem  is  a  topic  currently  under  investigation. 

The  oscillation  phase,  the  phase  between  voltages  in  adjacent  cavities,  of  a  MILO  depends 
on  the  number  of  cavities  in  the  primary  SWS.  As  was  discussed  in  reference  to  Fig.  2, 
simulations  show  that  a  four  cavity  MILO  oscillates  in  the  ^r-mode,  which  is  the  highest  Q  (quality 
factor)  spatial  harmonic  associated  with  the  SWS,  and  also,  the  field  distribution  associated  with 
the  ;;r-mode  produces  the  strongest  coupling  to  the  electron  flow.  When  a  tube  is  operating  in  the 
jr-mode  there  is  a  180  degree  phase  difference  between  the  electric  fields  in  adjacent  cavities.  A 
tube  with  more  than  four  cavities  tends  to  operate  in  a  mode  comprised  of  multiple  harmonics, 
which  do  not  couple  to  the  electron  flow  as  efficiently  as  the  :?r-mode.  A  measurement  of  the 
phase  difference  in  azimuthal  magnetic  field  in  cavities  2  and  3  of  the  primary  SWS  was  made  and 
found  to  be  180  degrees  as  predicted  by  the  simulations.  For  all  configurations  tested,  which 
includes  MILO’s  with  up  to  15  cavities  in  the  primary  SWS,  the  four  cavity  MILO  with  the  RF 
choke  was  found  to  be  most  efficient  and  operationally  stable. 

Another  important  parameter  affecting  the  operation  of  the  MILO  is  the  inner  radius  of 
the  extractor  vane  (the  last  vane  to  the  right  in  Figs.  1  and  2).  Simulations  show  that  by  adjusting 
the  inner  radius  of  the  extractor  vane  the  electromagnetic  wave  within  the  SWS  is  more  efficiently 
coupled  out  of  the  SWS.  By  increasing  the  inner  radius  of  the  extractor  vane  slightly  the  voltage 
induced  across  the  extractor  gap  is  enhanced  which  more  effectively  couples  to  the  TEM  mode  in 
the  coaxial  section.  If,  however  the  extractor  vane  inner  radius  is  made  to  large,  not  only  is  the 
voltage  induced  across  the  extractor  gap  decreased,  but  also  the  coupling  of  the  beam  to  the  last 
cavity  is  decreased,  both  of  which  decrease  the  output  power.  Figure  4  shows  the  experimental 
data  confirming  this  prediction.  Once  again,  the  error  bars  denote  shot-to-shot  variation  at  a  fixed 
operating  voltage.  For  both  cases  the  experimental  configuration  was  the  4  cavity  MILO  with  the 
RF  choke.  The  only  difference  was  the  inner  diameter  of  the  extractor  vane  was  17.14  cm  in  one 
case  and  18.42  cm  in  the  other.  Clearly  this  parameter  effects  the  output  power  of  the  tube  and  at 
a  diode  voltage  of  400  kV  there  is  approximately  a  50%  increase  in  radiated  power. 

The  final  parameter  to  be  discussed  is  the  length  of  the  cathode  extending  into  the  beam 
dump.  The  distance  the  cathode  extends  into  the  beam  dump  effects  the  insulated  flow  of  the 
electrons  under  the  primary  SWS.  If  the  cathode  extends  into  the  beam  dump  too  far  the  flow  is 
overinsulated,  pulling  the  electron  flow  away  from  the  inner  radius  of  the  primary  SWS,  which 
weakens  the  coupling  to  the  electromagnetic  wave.  If  the  cathode  does  not  extend  far  enough 
into  the  beam  dump  the  flow  is  underinsulated  and  the  electrons  would  just  flow  out  to  the  vanes. 


152 


Diode  Voltage  (kV) 

Figure  4.  Output  Power  vs.  Diode  Voltage  for  Extractor  Vane  Inner  Diameters  of  17.14  cm 
and  18.42  cm. 

initiating  an  arc.  An  expression  for  the  length,  L,  the  cathode  must  extend  into  the  beam  dump 
can  be  derived  by  requiring  that  the  current  emitted  in  this  length  be  just  equal  to  the  minimum 
current  required  to  insulate  the  electron  flow  under  the  primary  SWS.  This  relation  is  given  by: 


L  =  1.6  X 


(1) 


where  /•»  and  rc  are  the  anode  and  cathode  radii,  respectively,  d  is  the  A-K  gap,  and  represents 
the  relativistic  factor,  which  is  related  to  the  applied  voltage,  V,  by: 


V  =  51i(y^-i)  (2) 

which  gives  the  voltage  in  kV.  The  effect  of  changing  the  length  of  the  extension  of  the  cathode 
into  the  beam  dump  is  illustrated  by  the  experimental  data  shown  in  Fig.  5.  The  data  designated 
by  the  open  triangles  corresponds  to  the  case  where  the  electron  flow  under  the  primary  SWS  is 
overinsulated  and  therefore  weakly  coupled  to  the  electromagnetic  mode.  The  data  designated  by 
the  filled  triangles  corresponds  to  a  cathode  length  very  close  to  that  predicted  to  be  optimum. 
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Figure  5.  Output  Power  vs.  Diode  Voltage  for  Three  Different  Cathode  Lengths  into  the 
Beam  Dump  Can. 


The  fall  off  in  RF  output  power  at  higher  voltage  is  a  consequence  of  not  having  an  RF  choke  in 
the  system  during  these  tests.  If  the  RF  choke  were  incorporated  into  the  system  the  data  would 
have  followed  the  general  trend  shown  in  Fig.  4.  From  Fig.  5  it  can  be  seen  that  a  significant 
increase  in  the  output  power  can  be  gained  by  having  the  cathode  extend  into  the  beam  dump  the 
appropriate  distance. 


SINGLE-SHOT  EXPERIMENTAL  DATA 

Some  of  the  data  taken  for  a  partially  optimized  MILO  will  now  be  given.  This  MILO  is 
partially  optimized  in  the  sense  that  the  beam  dump  and  extractor  vanes  are  the  ones  described 
previously  in  the  experimental  setup  and  the  cathode  extends  into  the  beam  dump  23.81  cm. 
Otherwise  there  are  4  cavities  in  the  primary  SWS,  an  RF  choke  upstream,  and  the  18.42  cm  inner 
diameter  extractor  vane.  For  this  sequence  of  shots  the  radiated  power  was  verified  with  far-field 
antenna  measurements.  Figure  6  shows  the  diode  voltage  and  current,  the  radiated  power,  and 
the  signal  from  a  microwave  mixer  used  to  diagnose  the  RF  frequency.  The  diode  voltage  is 
measured  with  a  water  resistor  voltage  divider  and  the  diode  current  is  obtained  from  a  Rogowski 
coil.  Power  measurements  are  made  with  a  high-power  directional  coupler  located  in  the  circular 
waveguide  before  the  antenna.  The  mixer  signal  is  a  difference  firequency  obtain  by  splitting  off 
the  directional  coupler  signal  and  mixing  it  with  an  1180  MHz  signal  fi-om  a  local  oscillator  in  the 
standard  heterodyning  technique.  This  data  shows  a  MILO  operating  close  to  5%  efficient. 
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Figure  6.  Experimental  Waveforms  from  a  Partially  Optimized  MIILO  Shot.  The  Diode  Voltage 
and  Current,  the  Radiated  Power,  and  a  Mixer  Signal  which  Measures  the  Operating  Frequency 
are  Shown. 

radiating  approximately  100  J,  and  operating  at  about  1.2  GHz  in  a  stable  mode.  It  is  clear  from 
the  radiated  power  graph  that  the  tube  is  not  running  for  the  duration  of  the  voltage  pulse,  a 
problem  that  is  exacerbated  at  higher  operating  voltages.  Figure  7  shows  radiated  power 
waveforms  at  higher  operating  voltages  for  the  same  experimental  configuration.  This  data  is  for 
diode  voltages  of  400  and  525  kV.  The  pulse  shortening  observed  at  high  voltages  is  of  primary 
concern  in  current  experimental  endeavors. 

Rep-Rate  Experimental  Data 

Since  the  pulser  that  drives  the  MILO  in  this  case  has  an  inherent  rep-rate  capability,  it 
was  decided  to  try  some  rep-rate  MILO  shots.  These  were  preliminary  tests  and  only  a  short 
series  of  experiments  was  conducted  because  it  was  found  that  due  to  gas  evolution  within  the 
system  the  Incite  vacuum  interface  would  get  coated  with  debris,  flash  over,  and  cause  the  pulser 
to  short.  The  pressure  in  the  tube  was  monitored  using  a  cold  cathode  guage  located  as  shown  in 
Fig.  1,  The  typical  starting  pressure  for  the  tube  was  less  than  5  /tTorr.  Other  experimental 
parameters  that  were  monitored  were  the  diode  voltage  and  current  and  the  radiated  RF  power. 
Figures  8  and  9  show  experimental  waveforms  from  these  tests.  The  operational  parameters  that 
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Figure  7.  Radiated  Power  Pulses  for  the  Same  Experimental  Configuration  as  Shown  in  Fig.  6. 
The  Data  on  the  Left  is  for  a  Diode  Voltage  of  400  kV  and  the  Data  on  the  Right  Corresponds 
to  a  Diode  Voltage  of  525  kV. 


correspond  with  Fig.  8  are  as  follows:  5  Hz  rep-rate,  300  kV  diode  voltage,  10  shot  burst.  For 
this  setup  the  beam  energy  and  average  power  were  3.9  kJ/pulse  and  19.5  kW  respectively.  There 
is  no  detectable  degradation  in  the  diode  voltage  pulses  and  the  RF  power  envelope  pulses  were 
very  reproducible.  Referencing  the  pressure  graph  of  Fig.  8  it  can  be  seen  that  the  pulser  did  not 
fire  on  the  second  pulse,  indicated  by  the  absence  of  a  pressure  increase  200  ms  after  the  pressure 
increase  caused  be  the  first  pulse.  After  that  the  pressure  steadily  increased  with  each  subsequent 
pulse  to  a  steady  state  value  of  about  2.5  mTorr  on  the  sixth  pulse.  The  data  shown  in  Fig.  9  is 
for  a  10  Hz,  300  kV,  5  shot  burst.  The  beam  energy  per  pulse  is  still  3.9  kJ  but  the  average 
power  in  the  beam  has  doubled  to  39  kW.  There  is  severe  diode  voltage  pulse  degradation  during 
the  burst  and  the  reason  this  run  is  only  for  5  pulses  is  because  the  vacuum  interface  flashes  after 
the  fifth  pulse.  In  this  case  the  pressure  in  the  diode  region  exceeded  3  mTorr  where  the  diode 
begins  to  behave  very  erratically. 


During  the  course  of  the  experiments  in  rep-rate  mode  it  was  found  that  for  average  beam 
powers  below  approximately  28  kW  there  was  no  diode  voltage  pulse  or  RF  power  pulse 
degradation,  and  above  this  power  level  is  where  pulse  degradation  began.  For  average  beam 
powers  of  28  kW  the  pressure  in  the  diode  region  would  rise  to  between  2.5  mTorr  and  3  mTorr 
which  is  interpreted  as  the  threshold  for  reliable  diode  operation.  At  this  time  it  is  unclear  as  to 
the  source  of  the  pressure  increase,  but  it  is  postulated  that  it  is  the  graphite  beam  dump  heating 
up  and  outgassing  and/or  the  velvet  outgassing  during  emission.  An  important  observation  from 
these  experiments  is  that  in  the  course  of  many  rep-rate  bursts  and  the  associated  cycling  of  the 
pressure  within  the  vacuum  region,  the  vacuum  interface  on  the  pulser  gets  coated  with  debris, 
which  causes  the  interface  to  flash  above  voltages  of  400  kV.  When  the  interface  is  free  of  this 
coating  the  machine  can  be  operated  at  voltages  above  500  kV  reliably. 


CONCLUSIONS 


Through  a  series  of  optimization  steps  the  operational  efficiency  of  a  MILO  has  been 
improved  from  much  less  than  1%  to  that  approaching  5%.  The  radiated  power  has  increased 
from  less  than  100  MW  to  over  1  GW.  The  inclusion  of  the  RF  choke  in  the  system  provides 
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Figure  9.  Diode  Voltage,  RF  Power  Envelope,  and  Tube  Base  Pressure  for  a  10  Hz,  5  Pulse 
300  kV  Burst. 


approximately  a  doubling  of  the  radiated  power  in  comparison  to  a  tube  without  the  RF  choke. 
Additionally  the  RF  choke  allows  the  tube  to  operate  at  higher  voltages  than  without  the  choke. 
This  can  be  attributed  to  the  choke  providing  appropriate  feedback  to  the  tube,  enhanced  beam 
launching  on  the  upstream  end  of  the  SWS  and  the  lowering  of  the  tube  impedance  when  the 
choke  is  used.  A  50%  increase  in  radiated  power  is  realized  when  the  extractor  vane  radius  is 
optimized  because  of  the  enhanced  coupling  of  the  electromagnetic  wave  from  the  SWS  to  the 
TEM  mode  in  the  coaxial  section.  There  is  a  substantial  gain,  yet  to  be  quantified,  in  output 
power  when  the  cathode  extension  into  the  beam  dump  is  optimized.  Work  is  focusing  on  the 
pulse  shortening  at  high  voltage  and  the  RF  breakdown  of  the  antenna.  The  goal  is  to  get  a  multi¬ 
gigawatt  HPM  source  in  a  compact  lightweight  package.  It  has  been  shown  that  a  laboratory  tube 
can  be  operated  at  modest  rep-rates.  For  this  particular  tube  if  the  beam  power  is  kept  below 
about  28  kW  and  correspondingly  the  background  pressure  is  kept  below  about  2.5  mTorr  there 
is  no  pulse  degradation  during  a  10  pulse  burst.  Experiments  will  be  conducted  to  determine  the 
source  of  the  pressure  increase  within  the  tube  and  steps  will  be  taken  to  remedy  the  problem. 
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ABSTRACT 


The  surprising  world-wide  development  of  the  microwave  oven  in  the  last  fifty  years  was 
triggered  and  enabled  by  the  development  of  the  "cooker  magnetron",  the  design  of  which  is 
pretty  much  standardized  whoever  the  manufacturer.  It  is  estimated  that  the  annual  production 
of  this  device  is  at  least  20,000,000  per  year.  The  OEM  price  is  of  the  order  of  $10  per  unit  in 
large  quantities.  This  device  is  used  in  many  commercial  and  industrial  applications  and 
laboratories.  It  is  reliable,  reproducible  and  easily  available.  It  is  proposed  that  research  be 
focused  on  this  device  for  the  purpose  of  validating  theoretical  models,  i.e.  in  particular  the 
modem  computer  codes.  The  existence  of  crisp  robust  phenomena  in  the  cooker  tube  affords 
the  research  community  a  means  of  clear  unambiguous  check  points  on  theory— in  particular 
the  existence  of  three  regimes  in  every  tube.  High  noise  at  low  currents,  spurious  discrete 
sideband  spurious  at  moderate  currents  and  low  noise  at  high  currents.  The  boundaries 
between  these  regimes  are  sharp  and  reflect  discontinuous  transitions  or  thresholds,  which  are 
clear  benchmarks  for  checking  validity  of  computer  models. 

A  review  of  the  development  of  the  cooker  magnetron  not  only  presents  a  consistent  detailed 
database  on  these  regimes  but  also  some  other  interesting  and  important  phenomena  heretofore 
known  only  in  the  narrow  community  of  cooker  tube  and  microwave  oven  scientists  and 
engineers.  These  include: 

(a)  A  preoscillation  mode  involving  secondary  electron  emission  from  end  shields  and 
axial  electron-flow  with  multipactor-like  properties.  This  is  one  cause  of  high-voltage 
transients. 

(b)  Anomalous  moding  caused  by  the  presence  of  high-amplitude  ("violent")  spurious 
VHF  signals  in  the  sideband  regime  and  suppressed  by  appropriate  cathode-anode 
impedance. 

(c)  "Warm  emission"  modes  involving  end  cavities,  hysteresis  in  gas  discharge  modes, 
and  the  role  of  the  "adjacent"  mode  in  permitting  transient-free  cold  starts. 
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History 


The  rich  history  of  the  magnetron,  as  a  microwave  power  generator  has  been  told  by  many, 
including  Brown  [1],  Of  course,  for  many  years  its  most  prominent  use  was  for  radar.  Spectral 
purity  is  more  important  than  efficiency  for  such  an  application.  Nevertheless,  it  was  recognized 
[1]  that  the  magnetron  enjoyed  an  inherent  basis  for  high  efficiency  compared  to  other  types  of 
microwave  tubes.  Thus  it  was  natural  that  the  magnetron  was  the  tube  of  choice  for  the  earliest 
versions  of  the  microwave  oven  [2].  Some  of  the  peculiarities  of  the  magnetron  as  developed  for 
the  microwave  oven  led  to  the  name  "cooker  magnetron"  for  the  variety  eventually  developed  for 
mass  production.  Its  propensity  for  high  levels  of  noise  and  spurious  as  a  concomitant  to  high 
efficiency  was  recognized  by  microwave-oven  engineers  [3]. 

The  early  cooker  magnetrons  were  bulky  and  expensive.  A  substantial  copper  anode,  strapped- 
vane,  was  utilized  but  water  cooling  was  required.  Furthermore  the  magnetic  field  was  provided 
by  a  power-consuming  and  heat-generating  solenoid  which  in  some  oven  designs  was  placed  in 
series  with  the  tube.  The  total  weight  of  a  tube  assembly  could  be  over  twenty  pounds  and 
replacement  costs  would  be  in  the  hundreds  of  dollars  (1950's).  The  evolution  from  this  primitive 
state  to  the  modem  cooker  magnetron  has  been  described  both  in  the  engineering  literature  [2] 
and  in  the  trade  press  [4].  Although  originally  developed  at  Raytheon,  the  modem  cooker  tube 
was  largely  shaped  by  contributions  from  New  Japan  Radio  Company  [4]  and  later  others.  In  the 
process  water  cooling  was  replaced  by  air-cooling  fins  surrounding  the  anode  block,  the  cathode 
became  a  thoriated  tungsten  helical  filament  (carburized)  and  most  importantly  the  development 
of  new  ferrite  technology  permitted  the  use  of  inexpensive  permanent  magnets  (Strontium  ferrite). 
The  filter  box  attached  to  the  cathode  lead  end  of  the  tube  evolved  with  the  use  of  two 
feedthrough  capacitors  (with  the  order  of  1000  pF  each)  and  two  ferrite-core  choke  coils.  Note 
that  cooker  magnetrons  were  designed  to  operate  with  a  half-wave  doubler  DC  power  supply  so 
that  the  anode  current  waveform  is  a  half-sinusoid-like  pulse  at  the  repetition  rate  of  the  line 
frequency  (60  or  50  Hz.).  This  is  in  contrast  to  the  normal  use  of  a  DC  power  supply  in  most 
conventional  uses  of  CW  magnetrons  in  the  past-for  communications,  jamming  or  industrial 
heating  applications.  The  nature  of  the  consumer  market  has  to  this  day  dictated  the  most 
inexpensive  power  supply,  the  half-wave  doubler.  Modem  switched-mode  power  supplies  with 
filtering  is  still  too  expensive  for  the  consumer  market. 

Other  aspects  of  the  cost  reduction  and  manufacturing  refinement  of  the  cooker  magnetron  is 
described  in  the  literature,  e.g.  the  article  by  Oguro  [5].  He  describes  the  evolution  to  ferrite 
magnets  and  alumina  ceramic  insulators.  Figure  1  shows  a  photograph  of  cooker  magnetrons  of 
the  early  eighties.  The  weight  of  these  tubes  is  two  pounds  or  less  each,  and  the  size  less  than  a 
4  inch  cube.  In  large  quantities  the  cost  per  tube  is  in  the  range  of  $10-15.  Typical  operation 
would  be  at  4.0  kV  peak,  1  A  peak,  0.3  A  average  and  an  efficiency  of  at  least  70%  when 
operating  into  a  matched  load.  This  means  an  output  power  in  the  range  of  800  to  900  Watts. 
Typical  filament  power  for  the  directly  heated  cathode  used  to  be  in  the  range  of  40  to  50  Watts, 
but  this  is  more  like  30  to  40  Watts  in  today's  cost-reduced  versions. 
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Interaction  Space  Design 


The  cross-sectional  drawings  in  Figure  2  depict  the  main  features  of  the  cooker  magnetron  design 
and  construction.  One  can  see  that  the  output  coupling  is  by  means  of  an  "antenna"  or  probe 
connected  to  a  single  vane  just  outside  of  the  strap  region.  This  antenna  is  meant  to  be  the  probe 
coupling  to  a  rectangular  waveguide  output  at  an  appropriate  distance  from  a  waveguide  short. 
The  output  adjustment  is  made  so  as  to  achieve  at  least  70%  efficiency  into  a  matched  load.  This 
roughly  means  that  the  tube  circuit  efficiency  is  around  90%,  Avith  a  loaded  Q  of  about  100  and 
unloaded  Q  typically  around  1000.  The  cooker  magnetron  is  thus  in  a  heavily-loaded  condition 
and  even  more  so  if  operating  with  a  mismatched  load  in  the  vicinity  of  the  sink  region.  This 
condition  is,  of  course,  necessary  if  efficient  heating  or  power  conversion  is  to  be  achieved.  This 
also  means  that  noise  and  spurious  oscillation  phenomena  will  be  magnified. 

The  remarkable  aspect  of  the  cooker  magnetron  is  that  despite  the  fact  that  there  are  probably  in 
the  order  of  a  hundred  different  tube  types  presently  under  manufacture  around  the  world, 
particularly  in  Japan  and  Korea,  the  interaction-space  design  and  noise  properties  do  not  vary  very 
much  among  these  different  types.  Furthermore,  the  cooker  magnetron  production  world-wide  is 
estimated  to  be  well  over  20  million  per  year.  Therefore  this  device  appears  ideal  as  a  vehicle  or 
test  object  for  a  canonical  and  meaningful  test  of  modem  computer  models  of  the  magnetron. 

The  relative  invariance  of  interaction-space  parameters  among  various  types  of  cooker 
magnetrons  is  reflected  in  Table  1.  In  this  table,  the  classic  early  design  developed  by  New  Japan 
Radio  is  represented  by  the  QKH1845,  the  last  tube  type  (of  ceramic  construction)  manufactured 
by  Raytheon.  Like  almost  all  subsequent  cooker  magnetrons,  it  was  designed  to  operate  at  4  kV 
and  produce  at  least  700  or  800  Watts.  The  design  magnetic  field  for  that  tube  was  around  1850 
Gauss.  It  was  a  12  vane  tube  and  substantially  larger  and  heavier  than  subsequent  cost-reduced 
versions. 

The  first  phase  or  family  of  cost-reduced  type  in  Table  1  is  that  of  the  other  12  vane  tubes  listed 
which  have  similar  interaction-space  dimensions  relative  to  the  early  or  original  design 
(QKH1845)  but  were  cost  reduced  in  terms  of  less  copper  in  the  vanes  and  anode  block,  less 
(thirmer)  cathode  material,  shorter  magnet  gap,  fewer  cooling  fins,  etc. 

This  was  followed  in  the  mid-eighties  by  the  appearance  of  10  vane  tubes,  with  further  cost 
reductions.  In  this  family  the  interaction  space  dimensions  are  changed  by  a  small  amount, 
especially  to  smaller  anode  and  cathode  diameters  and,  therefore,  a  slightly  smaller  cathode  to 
anode  spacing.  Presumably  little  change  in  magnetic  field  was  then  required. 

The  net  result  is  that  interaction  space  parameters  have  not  varied  much  in  the  last  thirty  years  and 
do  not  vary  much  between  tube  types  today.  Therefore,  the  cooker  magnetron  is  a  stable  test 
vehicle  for  the  testing  of  computer  codes.  We  should  add  that  the  noise  properties  of  cooker 
magnetrons  also  have  shown  remarkably  little  change  in  time  or  among  tube  types-at  least  in  the 
main  features  which  we  describe  later. 
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Table  1. 

SUMMARY  of  KEY  TUBE  DIMENSIONS  (inches) 


Vane 

Tube 

Anode 

Cathode 

Anode 

Cathode 

Wire 

No.  0] 

No. 

Type 

Dia. 

Dia. 

Lgth. 

Lgth. 

Dia. 

Turns 

12 

QKH1845 

0.400 

0.200 

0.400 

>  0.400 

12 

2M107A-78H 

0.416 

0.198 

0.396 

0.425 

0.0245 

~7 

12 

2M167 

0.435 

0.205 

0.396 

0.440 

0.024 

~6.5 

12 

2M172J 

0.397 

0.203 

0.395 

0.420 

0.024 

~6.5 

12 

OM75A 

0.404 

0.197 

0.396 

0.438 

0.025 

~7 

12 

“Sanyo” 

0.395 

0.198 

0.357 

0.404 

— 

— 

10 

2M172AJ(A) 

0.357 

0.152 

0.374 

0.413 

0.020 

~8.5 

10 

2M167A-M10 

0.347 

0.158 

0.394 

0.432 

0.020 

~8.5 

10 

2M107A-304 

0.365 

0.154 

0.386 

0.406 

0.020 

~8.5 

10 

2M204-M3 

0.350 

0.158 

0.397 

0.430 

0.0195 

~8.5 

10 

2M214 

0.354 

— 

— 

_ 

— 

10 

2M229 

0.349 

_ 

_ 

_ 

_ 

Measurements  indicate  at  least  +/-  0.010"  scatter  in  cathode  axial  position  with  respect  to  anode. 
Anteima  pole  in  most  tubes  is  "North",  except  for  Panasonic  designs. 

Toshiba:  2M172J,  2M172AJ(AX  2M229 

Hitachi;  2M107A-78H,  2M107A-304,  2M214 

Panasonic:  2M167,  2M167A-M10,  2M204 

Samsung:  OM75A 


DC  Operation  (Conventional)  of  Magnetrons 

The  prior  conventional  operation  of  CW  magnetrons  is  quite  different  to  the  modem  operation  of 
the  cooker  tube.  It  is  important  to  describe  the  important  differences  so  that  one  may  more  easily 
relate  data  and  reports  on  conventional  magnetrons  to  data  and  reports  on  the  cooker  magnetron. 

Like  almost  all  tubes  in  history  the  conventional  magnetron  cathode  was  first  preheated  (warm¬ 
up).  Then  high  voltage  was  applied  usually  by  manual  control.  The  anode  voltage  supply  was 
usually  well  regulated  so  that  steady  state  operation  was  at  some  DC  anode  current  with  little 
ripple.  As  the  anode  current  was  changed  by  manual  control,  the  cathode  or  filament  heater  power 
would  be  adjusted  as  desired  to  improve  stability,  decrease  noise,  etc. 

In  Figure  3,  we  depict  the  type  of  gauss-lines  which  were  recorded  with  such  static,  steady  state 
test  conditions.  Most  CW  magnetrons  were  found  to  exhibit  two  states  with  distinct  gauss-lines. 
The  lower-voltage  gauss-line  was  the  more  easily  achieved  state  marked  by  high  noise  and 
perhaps  maximum  efficiency.  The  higher-voltage-line,  if  achievable,  would  be  found  by  an 
appropriate  reduction  of  filament  or  cathode  heater  power,  perhaps  even  to  zero.  The  higher 
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gauss-line  would  exhibit  lower  noise  and  perhaps  a  bit  less  efficiency.  It  would  also  be  more 
temperamental  with  regard  to  long-term  stable  operation-with  the  tendencies  of  jumping  to  a  no 
emission  state  or  to  the  higher  noise  state.  To  trace  the  higher  gauss-line  under  DC  operation  a 
continuous  adjustment  of  filament  heater  power  was  generally  necessary.  The  low-noise  gauss¬ 
line  was  indeed  the  basis  for  low-noise  magnetrons  in  past  military  applications,  for  which 
successful  design  and  manufacture  involved  careful  selection  of  materials  and  certain  special  types 
of  tube  processing. 

AC  Operation  of  the  Cooker  Magnetron 

The  cooker  magnetron  operation  is  greatly  different  to  that  of  conventional  magnetrons.  First  of 
all,  in  most  cases  there  is  no  cathode  preheat  (warm-up).  Especially  for  the  consumer  oven 
magnetrons  are  subjected  to  a  cold-start.  A  half-wave  doubler  supply  (high-voltage  transformer  in 
series  with  a  high-voltage  capacitor)  is  applied  to  the  cooker  magnetron  which  is  in  parallel  with 
the  appropriately  oriented  rectifier  diode.  At  the  same  time  a  low-voltage  (about  3  volts)  filament 
supply  is  applied  to  the  cooker  magnetron  cathode  leads,  marked  F  and  FA.  At  time,  t  =  0,  there 
is  no  cathode  emission  and  an  open-circuit  voltage  of  7  to  10  kV  is  applied  to  the  tube  depending 
on  the  oven  design  details.  During  the  period  of  about  2  seconds  in  which  the  cathode  warms  up 
to  near  full-emission  capability  the  tube  proceeds  through  various  transient  states.  In  the 
subsequent  steady  state  there  is  a  roughly  square  anode  voltage  pulse  during  a  half  cycle  period  at 
60  Hz  (or  50  Hz)  during  which  a  roughly  half  sinusoid  current  pulse  occurs.  Thus  the  anode 
current  proceeds  fi-om  zero  to  a  peak  of  about  one  Ampere  back  down  to  zero  during  every  cycle. 
On  top  of  this  60  Hz  variation  is  any  slow  variation  or  modulation  that  is  caused  by  oven  mode- 
stirrer  changes  of  tube  load  or  other  load  changes.  Thus  in  the  steady  state,  the  cooker  magnetron 
passes  through  several  distinct  regions  with  consistently  different  noise  properties.  These  regions 
are  depicted  in  Figure  4.  The  low-current  or  high-noise  region  is  that  below  1^2  Figure  4.  There 

is  the  fine  point  concerning  I^,  in  this  Figure  that  relates  to  the  possibility  of  secondary 

phenomena  such  as  discontinuities  associated  vdth  AM  radio  noise,  etc.  We  will  not  explore  these 
secondary  matters  here.  The  high-current  or  low-noise  region  is  that  above  1^3  and  below  the 
peak  current  or  the  moding  current  (in  the  case  that  the  desired  peak  current  is  above  what  is 

available).  Note  that  the  potential  moding  at  peak  current  is  due  to  insufficient  cathode  emission 
and  is  eliminated  by  increasing  cathode  heater  power.  In  between  I^j  1^3  is  the  region  of 

spurious  oscillations  associated  with  discontinuities  as  depicted.  These  oscillations  may  or  may 
nor  occur  depending  upon  many  parameters  including  filament  power,  microwave  load  (VSWR 
and  phase),  cathode  impedance  at  VHF  frequencies,  etc.  When  they  occur  they  can  be  very  strong 
as  depicted  in  the  Figure  4. 

Without  exception  to  my  knowledge,  every  cooker  magnetron  in  the  world  exhibits  a  high  noise 
region  and  a  low-noise  region,  presuming  normal  operating  conditions—i.e.  absence  of  excessive 
cathode  heating  or  insufficient  anode  voltage.  Thus  there  is  a  discrete  and  discontinuous  change 
under  dynamic  AC  operation  from  high  noise  at  low  currents  to  low  noise  at  high  currents.  This 
change  is  always  there.  The  region  of  change  between  the  two  states  may  be  complicated  by  the 
existence  of  the  spurious  oscillation  state,  but  if  not  then  there  is  one  threshold. 
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In  Figure  5  we  depict  gauss-line  traces  with  amplified  ordinate  {SQV  Idiv)  so  that  we  can  see 
various  details.  For  example  at  the  lowest  filament  voltage  which  is  close  to  the  emission-mode 
condition  one  can  see  the  turning  up  of  the  V-I  trace  as  the  peak  current  almost  reaches  the 
emission  limit.  At  higher  values  of  filament  voltage  there  may  be  regions  of  discontinuities  and 
associated  spurious  oscillations  as  depicted. 

Characteristics  of  Cooker  Magnetron  Noise 

In  Figure  6  we  show  typical  noise  spectra  and  three  values  of  anode  current  corresponding  to  high 
noise,  spurious  oscillation,  and  low  noise.  These  are  taken  with  a  cooker  magnetron  operating 
into  a  matched  load  on  the  bench  without  oven  complications  and  using  the  appropriate  gating 
devices  to  sample  noise  only  in  a  small  region  of  current  (small  time  period,  much  less  than  a 
millisecond). 

At  an  anode  current  of  0.2 A  we  see  broadband  random  noise  on  both  sides  of  the  fundamental 
signal  at  around  /g  =  2.45  GHz.  We  call  this  noise  sideband  noise  since  it  tends  to  peak  up  at 
frequencies  like  /g  ±  A/.  The  value  of  Af  increases  with  anode  current  perhaps  as  the  square 
root  of  anode  current.  Associated  with  these  noise  sidebands  is  low-ffequency  noise  that  is 
conducted  and  radiated  from  the  high-voltage  cathode  leads.  This  low-frequency  noise  will  exhibit 
peaks  at  Af,  which  tends  to  vary  within  the  range  of  150  to  300  MHz  typically.  This  noise  and  its 
harmonics  (e.g.  300  to  600  MHz)  will  cause  some  discernible  interference  with  either  VHF  or 
UHF  TV  or  both  in  the  case  of  a  microwave  oven.  In  this  case  the  RFI  varies  periodically  with  a 
period  of  about  a  second  in  synchronism  with  the  mode-stirrer  cycle. 

At  an  anode  current  of  0.5  A  we  see  discrete  spurious  (sideband)  oscillations  at  /g  ±  A/.  These 
peaks  can  be  quite  strong,  e.g.  only  30  dB  or  less  below  the  fundamental.  The  associated  low- 
frequency  power  at  the  cathode  can  be  quite  high.  Values  as  much  as  10  Watts  have  been 
measured  at  the  cathode.  Clearly  the  magnetron  anode  voltage  is  being  modulated  strongly  at  a 
rate  in  the  VHF  range  with  subsequent  AM  and  FM  phenomena  across  the  whole  spectrum-i.e. 
sidebands  around  the  fundamental  and  all  harmonics. 

At  the  peak  anode  current  of  1.0  A  we  find  no  measurable  noise  above  the  floor  of  the  spectrum 
analyzer.  Clearly  we  are  in  the  low-noise  region  at  1.0  A. 

These  distinct  spectra  and  their  respective  associated  regions  of  anode  current  exist  in  all  cooker 
magnetrons.  This  picture  changes  or  is  modified  as  we  vary  parameters  like  filament  voltage, 
microwave  load,  cathode  impedance,  peak  voltage  etc.  but  not  drastically.  One  can  track  the 
distinct  regions  quite  well.  Increased  microwave  loading  (i.e.  towards  sink)  tends  to  move  the 
regions  up  in  current  and  decreased  loading  vice  versa.  Associated  with  this  is  an  increase  in  Af 
with  lighter  load  and  a  decrease  in  Af  with  greater  load.  In  a  similar  manner  increase  of  filament 
(heater)  power  moves  the  regions  to  higher  current  but  with  little  change  in  Af  A  change  in  the 
cathode  to  anode  impedance  at  VHF  frequencies  will  affect  the  spurious  oscillations  strongly  and 
to  a  lesser  extent  the  noise.  One  can  make  the  spurious  oscillation  at  Af  lock  to  a  resonant  circuit 
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in  the  cathode  leads.  The  detailed  dependence  of  the  magnetron  noise  on  secondary  parameters, 
including  the  B-field,  has  been  thoroughly  documented  [6], 

Theoretical  Analysis 

The  magnetron  noise  properties  are  not  in  accordance  with  any  quantified  theory  but  they  behave 
phenomenologically  in  accordance  with  the  pattern  of  noise  and  spurious  observed  in  M-type 
backward-wave  oscillators  [7],  In  the  M-BWO  where  space  charge  increases  with  beam  current  at 
fixed  voltages  and  B-field,  we  find  low  noise  just  above  the  start-current,  discrete  spurious 
sidebands  above  some  higher  threshold  current,  and  finally  a  sudden  transition  to  random  noise 
sidebands  at  a  still  higher  threshold  current. 

If  we  remember  that  the  circulating  current  and  not  the  anode  current  is  a  better  measure  of  space 
charge  in  the  magnetron,  then  we  see  an  inverted  pattern  because  circulating  current  is  high  at  low 
anode  current  and  low  at  high  anode  current.  The  M-BWO  phenomena  are  well  explained  by 
theories  which  describe  the  competition  between  the  circuit  and  space-charge  forces-both  small 
signal  and  computer  large-signal  calculations.  The  value  of  Af  for  the  M-BWO  is  well  described 
by  a  formula  which  takes  into  account  a  feedback  time  for  relaxation  oscillations-i.e.  the  time  for 
the  beam  to  pass  the  length  of  the  circuit  plus  the  time  for  an  RF  signal  to  come  back  along  the 
circuit  at  a  speed  equal  to  the  group  velocity  of  the  circuit. 

In  the  case  of  the  cooker  magnetron  no  simple  formulas  or  theories  are  at  hand.  Presumably  the 
value  of  Af  is  related  to  the  time  for  electrons  to  migrate  fi-om  "hub"  to  anode  plus  some  type  of 
circuit  voltage  decay  time.  What  seems  very  clear,  however,  is  that  a  valid  computer  code  for 
crossed-field  interaction  should  be  able  to  predict  the  existence  of  the  distinct  regions  of  noise  and 
predict  threshold  values  for  the  transitions  from  region  to  region.  Even  if  these  predictions  are  not 
accurate  they  may  shed  light  through  parametric  studies  of  what  design  changes  will  reduce  noise, 
etc.  The  application  of  computer  models  should  be  straightforward  except  for  the  question  of 
modeling  the  cathode-anode  impedance  at  VHP  frequencies. 

It  is  interesting  to  note  that  early  computer  studies  [8]  showed  signs  of  strong  spurious 
modulation  of  anode  current— presumably  similar  to  that  in  the  M-BWO  where  there  is  almost  a 
100%  modulation  of  collector  current  when  strong  spurious  oscillations  are  present. 
Unfortunately  nobody  has  pursued  computer  studies  of  the  magnetron  in  a  thorough  fashion  to 
elicit  dependence  on  anode  current  to  the  end  of  delineating  noise  regions  and  threshold  currents. 
It  should  be  much  easier  to  apply  modem  computer  codes. 

It  is  apparent  that  the  cooker  magnetron  probably  does  not  exhibit  the  ambiguous  parameter  of  an 
emission  that  depends  on  RF  field  strength  through  secondary  electron  emission  as  in  the  CFA. 
This  ambiguity  confixses  the  juxtaposition  of  circuit  and  space-charge  forces.  Presumable  this  is 
not  a  major  factor  in  the  cooker  magnetron.  It  is  admitted,  however,  that  the  proper  role  of 
secondary  electron  emission  in  the  cooker  magnetron  remains  to  be  determined. 
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Practical  Aspects  of  Cooker  Magnetron  Noise 

The  existence  of  magnetron  noise  is  assuming  a  very  practical  aspect.  There  are  over  200  million 
microwave  ovens  in  the  world  operating  at  2.45  GHz.  There  also  are  plans  for  a  wide  variety  of 
new  "wireless"  services  to  operate  with  frequency  allocations  ranging  from  1.5  GHz  to  3.0  GHz 
and  possibly  even  higher,  especially  at  5.8  GHz.  There  are  some  serious  questions  about  the 
potential  that  some  of  these  systems  will  encounter  unacceptable  interference  from  microwave 
ovens— i.e.  the  sideband  noise.  Thus  the  characteristics  of  microwave  oven  noise  are  being  studied 
extensively  [9]  and  there  are  plans  for  interim  and  final  (tighter)  specifications  to  limit  such  noise 
through  regulations  originating  in  current  activities  of  the  CISPR  community  within  the  EEC 
(International  Electrotechnical  Commission).  Because  the  noise  is  predominantly  at  low  anode 
currents  most  of  the  time  microwave  oven  noise  shows  up  as  sub-millisecond  pulses  of  noise. 
Some  experts  believe  modern  digital  and  spread-spectrum  communication  techniques  can  live 
with  this.  On  the  other  hand,  if  discrete  spurious  show  up  especially  at  close  to  peak  current  the 
RFI  might  not  be  tolerable.  The  magnitude  of  the  peak  noise  or  spurious  in  the  worst  cases  is  of 
the  order  of  100  dB  above  a  pW  as  measured  in  a  1  MHz  bandwidth  or  even  higher  (or  similar 
numbers  in  units  oi  fjV  Im  as  measured  at  3  meters  from  the  oven).  At  present  some  authorities 
are  investigating  peak  limits  near  such  levels  along  with  limits  30  to  40  dB  lower  when  using 
narrow  video  bandwidths  (e.g.  100  Hz)  to  yield  "average"  measures  of  the  noise. 

Cooker  magnetron  noise,  therefore,  will  attract  regulatory  pressure  in  the  future  at  the  same  time 
that  others,  i.e.,  the  DOE  in  the  U.S.,  are  pressuring  for  higher  oven  efficiency  which  is,  in 
principle,  associated  with  higher  noise.  At  the  same  time  there  are  other  magnetron-driven  ISM 
devices  that  may  amplify  the  concern  about  noise,  e.g.  the  microwave  "sulfur"  lamps  [10]  ,  that 
are  very  efficient  light  sources  that  some  day  may  operate  for  many  hours  per  night  illuminating 
large  areas  in  buildings  and  parking  lots,  etc.  One  can  presume  that  users  of  magnetrons  may  be 
forced  to  find  ways  of  reducing  such  noise.  Otherwise,  competing  devices  might  for  the  first  time 
in  histoiy  pose  a  threat  to  the  magnetron  as  the  power  source  of  choice  for  ovens  and  other 
power  applications.  In  the  past  year  there  was  the  preliminary  report  [11]  of  an  efficient  (67%), 
low-voltage  (600  Volts)  multi-beam  klystron  suitable  for  microwave  oven  use.  Its  developers 
estimate  that  in  three  years  problems  of  cost,  size  and  weight  might  be  resolved.  The  klystron 
poses  no  noise  problems  and  has  other  advantages.  One  can  expect  controversial  discussions  of 
competing  power  sources  at  meetings  such  as  those  of  IMPI  (the  International  Microwave  Power 
Institute). 


Cold-Start  Transients 

It  has  already  been  pointed  out  that  cooker  magnetrons  are  required  to  operate  under  "cold  start" 
conditions.  The  magnetron  thus  passes  through  a  rich  variety  of  transient  states,  some  of  which 
under  certain  conditions  can  lead  to  destructive  voltage  transients.  This  happens  through  the 
L  di  I  dt  mechanism  in  the  presence  of  the  large  inductance  of  the  high-voltage  transformer  on  the 
microwave  oven. 
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Figure  7  is  a  trace  of  an  instantaneous  pattern  of  a  cooker  magnetron  during  a  phase  of 

normal  buildup  of  anode  current  before  sufficient  emission  is  available  to  reach  the  desired  peak 
current  (~1  A)  without  moding.  Thus  we  see  a  lower  gauss-line  which  is  the  normal  n  mode 
ending  with  a  moding  to  a  higher  gauss-line  after  which  the  current  decreases  without  incident. 
The  higher  gauss-line  represents  oscillation  in  an  inefficient  mode  at  frequencies  around  4.3  GHz. 
(Some  call  this  the  "adjacent"  mode.  I  believe  it  is  not  the  "adjacent"  mode.)  If  it  were  not  for  the 
clamping  action  of  this  higher  mode,  the  higher  gauss-line,  the  ceasing  of  oscillation  at  some 
maximum  current  in  the  lower  gauss-line  would  normally  cause  a  high-voltage  transient,  well  over 
20  kV,  to  ensue  which  will  cause  great  havoc,  e.g.  destroying  rectifier  diodes,  feedthrough 
capacitors  etc.  Nobody  has  explained  it,  but  the  fact  is  that  normally  whenever  the  n  mode  is  in 
oscillation  the  higher  mode  is  always  ready  to  oscillate  and  act  as  a  clamp  and  protection  against 
voltage  transients. 

There  are,  however,  other  states  or  modes  during  the  cold  start  that  do  not  have  the 
accompanying  protective  presence  of  the  higher  mode.  The  result  is  the  precipitation  of  voltage 
transients  as  shown  in  Figure  8.  In  this  case  at  about  1.5  seconds  after  start  one  can  see  voltage 
transients  above  the  normal  peak  voltage,  (these  happen  to  be  small  but  in  some  cases  the 
transients  exceed  20  kV).  These  occur  just  before  the  beginning  of  the  buildup  of  thermionic 
emission  from  the  cathode.  At  this  time  one  can  see  an  anomalous  gauss-line  at  around  4  kV  with 
a  maximum  current  less  than  100  mA,  but  since  there  is  no  clamping  mode  the  cessation  of  this 
anomalous  mode  leads  to  the  observed  transient  voltage.  More  detailed  studies  have  linked  this 
anomalous  mode  to  a  state  of  axial  space-charge  streaming  between  end-shields  as  depicted  in 
Figure  9.  The  buildup  of  such  a  state  was  predicted  and  observed  by  Sloan  [12]  in  the  early  work 
on  cold-cathode  magnetrons.  It  corresponds  to  a  multipactor  like  instability  involving  thermo-field 
emission  from  the  end-shield  edges  followed  by  secondary  electron  emission  from  the  end  shields. 
Early  solutions  to  this  problem  employed  Zirconium  or  Titanium  rings  welded  to  the  end  shields. 
The  more  satisfactory  solution  and  the  one  now  universally  employed  is  the  use  of  "grooves"  or 
channels  in  the  end  shields  as  depicted  in  Figure  2.  An  interesting  historical  note  is  that  this  state 
probably  explains  early  observations  of  a  ring  like  space-charge  state  in  the  magnetron  by 
Reverdin  [13].  Note  also  that  this  anomalous  state  is  shut  off  by  the  presence  of  the  normal  space 
charge.  Presumably  the  increased  E-field  prevents  motion  from  end  shield  to  end  shield.  Note  also 
that  this  axial  oscillation  state  exists  only  at  high  magnetic  fields.  If  the  B-field  in  the  normal 
cooker  magnetron  is  lowered  by  10  to  20%  this  phenomenon  disappears.  This  probably  explains 
the  sensitivity  to  phasing  of  the  filament  voltage  of  this  phenomenon.  Note  that  the  cathode 
terminals  are  marked  F  and  FA  in  order  to  guide  the  user  in  applying  the  proper  phase  for 
minimum  voltage  transients. 

The  other  less  anomalous  state  which  causes  voltage  transients  in  microwave  ovens  is  plain 
voltage  breakdown.  The  typical  cooker  magnetron  exhibits  cold  emission  at  anode  voltages  above 
8  kV.  These  currents  are  due  to  field  emission  and  could  be  the  precursor  to  a  voltage  breakdown 
across  the  cathode  to  anode  gap-at  closest  approach  at  the  comers  of  the  end  shields.  Experience 
indicates  that  low  leakage  of  less  than  0.1  pA  at  10  kV  is  less  likely  to  be  a  precursor  to 
breakdown  than  leakage  currents  of  greater  than  10  pA  which  are  considered  undesirable. 
Although  infrequent  such  breakdowns  do  occur  and  can  cause  significant  voltage  transients. 
An  example  is  shown  in  Figure  10  where  the  peak  voltage  is  over  20  kV.  This  phenomenon  not 
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only  explains  the  occurrence  of  some  diode  failures  but  also  an  occasional  capacitor  failure  or 
other  damage  in  a  microwave  oven. 


Anomalous  Moding 

Anomalous  moding  is  detected  in  the  microwave  oven  when  the  moding  occurs  not  at  peak 
current  but  at  a  lower  current.  An  example  is  shown  in  Figure  11.  The  countermeasure  when 
encountered  in  practice  is  to  lower  the  filament  or  heater  voltage.  This  is  in  contradistinction  to 
the  case  of  normal  emission-limit  moding  where  the  countermeasure  is  to  increase  the  filament  or 
heater  voltage. 

The  explanation  for  this  anomalous  moding  is  the  presence  of  very  strong  spurious  oscillation. 
It  is  estimated  that  the  instantaneous  fluctuation  of  the  anode  voltage  in  the  presence  of 
"spurious"  can  be  as  much  as  ±200  Volts  or  more.  It  is  believed  that  this  may  be  enough  to  cause 
the  spokes  to  lose  their  phase  locking  and  therefore  causing  the  oscillation  to  cease.  An  alternative 
and  appealing  theory  is  that  the  spurious  oscillations  might  pump  energy  into  the  4.3  GHz  mode 
enhancing  its  competing  strength.  This  theory  is  discounted  in  view  of  the  more  general 
conditions  under  which  anomalous  moding  occurs.  The  details  of  the  spurious  oscillation  largely 
have  not  been  quantified  by  any  theory. 

Anomalous  Gas  Discharges 

The  last  phenomenon  we  present  in  this  paper  is  that  of  anomalous  gas  discharges.  This  is 
occasionally  seen  in  old  tubes  when  subjected  to  a  normal  cold  leakage  test.  In  such  a  test  the 
anode  voltage  is  slowly  swept  upward  from  0  to  10  kV  and  the  leakage  current  recorded.  This 
leakage  current  is  then  also  monitored  on  the  way  down  from  10  kV  to  0.  In  Figure  12  at  the  far 
right  we  see  the  recorded  normal  leakage  currents  for  a  tube.  In  addition,  however,  we  see  the 
more  striking  and  anomalous  currents  at  lower  voltages.  On  the  way  up  we  see  substantial 
currents  of  mA  magnitude  at  around  1  kV  anode  voltage.  No  other  currents  are  observed  on  the 
way  up  except  the  normal  leakage  of  pA  magnitude  at  10  kV.  Then  on  the  way  down,  however, 
large  currents,  in  the  mA  range,  appear  at  voltages  in  the  range  of  7  to  4  kV-in  a  series  of 
repeated  discharges.  Then  when  passing  below  4  kV  down  to  0  kV  there  are  no  more  discharges. 
Thus  there  is  a  striking  hysteresis  present.  In  other  studies  we  have  determined  that  the  voltages  at 
which  these  anomalous  discharges  occur  are  the  lower  (1  kV)  and  higher  (7  kV)  boundaries, 
roughly  of  gas  discharge  in  the  magnetron  as  predicted  by  classical  theories.  It  seems,  therefore, 
that  when  one  enters  into  this  region  of  discharge  anomalous  discharges  occur  which  then 
disappear  presumably  because  of  the  gas-pumping  action  of  a  magnetron.  Then  it  is  only  after  one 
exits  from  this  normal  region  that  gas  can  build  up  again  in  the  magnetron.  In  other  words,  the 
discharge  appears  only  when  entering  into  the  region  of  normal  discharge  but  not  when  exiting. 
During  the  discharges  at  higher  voltages  microwave  signals  are  generated  but  their  levels  have  not 
been  quantified.  This  phenomenon  lacks  a  quantified  theory  and  is  of  interest  as  a  practical 
indicator  of  some  types  of  tube  wearout  in  the  field. 
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Conclusions 


We  have  reviewed  several  anomalous  phenomena  in  the  cooker  magnetron.  The  most  prominent 
and  most  important  of  these  phenomena  is  the  "anomalous"  excess  noise  which  is  now  classical 
for  crossed-field  devices.  The  key  point  is  that  this  noise  pattern  in  the  cooker  magnetron  is  a 
well-defined  repeatable  one  with  distinct  boundaries  between  high  noise  and  quiet  regions.  This 
pattern  occurs  in  the  millions  of  inexpensive  cooker  magnetrons  throughout  the  world.  A  critical 
and  unique  test  for  any  modem  computer  code  is  that  it  should  predict  this  pattern  for  the  cooker 
magnetron.  If  this  is  successfully  done,  it  will  help  not  only  the  microwave  oven  community  better 
control  this  type  of  magnetron  but  valuable  insights  into  the  relative  roles  of  emission  parameters 
as  well  as  microwave  and  cathode  circuit  parameters  would  be  developed. 
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Fig.l  Photograph  of  modem  cooker  magnetrons 
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Fig.2  Dravangs  of  typical  cooker-magnetron  construction 
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Fig.6  Typical  cooker  magnetron  noise  spectra  at  (a)  low  currents, 
(b)  moderate  currents  and  (c)  high  currents 


Fig.7  Typical  Va-  la  trace  during  normal  buildup  in  a  cold  start  of  a 
cooker  magnetron 
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Fig.8  Voltage  waveform  during  cold  start  of  a  cooker  magnetron.  In 
this  case  a  voltage  transient  due  to  end-shield  emission  is  present. 
(  2  kV/div;  0.2  sec/div.) 


Anode 


Fig.9  Depiction  of  the  double-stream  state  that  precipitates  the 
"secondary-emission"  transient. 
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Fig.  10  Voltage  waveform  during  cold  start  of  a  cooker  magnetron.  In 
this  case  there  is  an  interelectrode  voltage  breakdown  which  causes 
voltage  transients. 
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Fig.  11  An  example  of  moding  due  to  spurious  oscillation  in  a  cooker 
magnetron. 
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Fig.  12  Cold  leakage  curves;  la  vs.  Va,  showing  normal  pre- 
breakdown  cold  (field)  emission  at  high  anode  voltage  (10  kv)  and 
the  presence  of  anomalous  gas  discharges  in  the  low  (~  1  kv)  and 
high  (~4  -  7  kV)  voltage  regimes.  Note  the  hysteresis  effect:  the  low- 
voltage  discharge  (dotted  line)  is  observed  only  on  the  upward  trace  (  0  to 
10  kV)  while  the  high-voltage  discharges  (repeated  solid  lines)  occur 
only  during  the  downward  trace  ( 10  to  0  kV).  The  current  scale  is 
25  ^lA/div  for  the  discharges  and  .25  pA/div  for  the  pre-breakdown 
leakage  current  at  around  10  kV. 
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THE  HIGH  SIGNAL  TO  NOISE  RATIO  OF  IHE  MICROWAVE  OVEN  MAGNETROT 
AND  EVIDE3JCE  OF  A  NEGATIVE  FEEDBACK  LOOP  TO  CXOTROL  IT 

William  C.  Brown 

Microwave  Power  Transmission  Systems 
6  Perry  Lane,  WestcHi  MA  02193 

ABSTRACT 

During  the  DOE/NASA  sponsored  stiidy  of  the  Solar  Pcwer  Satellite, 
it  was  discovered  that  the  microwave  ovoi  magnetron,  operated  either 
as  a  free-nmning  oscillator  or  as  a  locked  oscillator  with  high  gain, 
had  an  extremely  low  noise  level  when  it  was  operated  on  a  well  fil¬ 
tered  DC  power  supply  and  the  source  of  external  filamait  power  was 
removed  after  starting.  Under  these  operating  conditions,  and  with 
special  noise  meastaring  equipment,  the  spectral  noise  density  (noise 
in  one  hertz  of  the  spectrum)  of  random  noise  at  frequencies  removed 
by  10  MHz  or  more  from  the  operating  frequemcy  was  found  to  be  176  dbc 
below  the  700  watt  output  of  the  magnetron.  By  externally  tuning  an 
auxiliary  rf  short  placed  in  the  magnetron  cathode  saapport  the  rms 
noise  level  was  reduced  20  db  more  to  a  level  of  196  dbc.  Thus  a  10 
gigawatt  transmitter  ,  if  equally  performing,  would  radiate  one  micro¬ 
watt  of  noise  power  in  a  4  kHz  bandwidth. 

This  low  level  of  noise  in  a  ccnpanion  tiabe,  with  an  optical  win¬ 
dow  in  it  to  observe  the  temperature  of  the  carbiarized  thoriated  tung¬ 
sten  filamentary  cathode,  was  found  to  be  correlated  with  tenperataare 
limited  emission  frcm  the  cathode.  Without  any  soiarce  of  external 
power  to  heat  the  cathode  after  initial  startup,  its  temperatiare  was 
found  to  increase  and  to  follow  the  Richardson-Dushman  relationship 
between  temperature  and  emdssion,  as  demands  were  made  upon  it  to 
supply  more  current  to  the  tube.  The  natural  inclination  of  the  tube 
to  nan  in  this  quiet  mode  was  confirmed  by  a  novel  method  of  applying 
a  step  function  of  anode  voltage  to  the  tube  to  determine  if  the  cath¬ 
ode  were  indeed  emission  limited  .  If  it  were,  time  would  be  required 
to  heat  up  the  mass  of  the  cathode  to  the  tenrperature  that  would  be 
needed  to  supply  the  additional  currant  required  for  steady  state 
operation.  This  additional  heating  is  accomplished  by  increased  back- 
bcmbardment  of  the  cathode  by  electrons  returning  to  the  cathode. 

An  interesting  observation  is  that  if  the  anode  current  is  held 
constant,  and  external  filament  power  is  injected  to  heat  the  cathode, 
the  backbcmbardment  power  is  reduced  by  nearly  the  same  amount  as  the 
injected  external  power  is  increased,  to  hold  the  observed  filament 
temperature  nearly  constant.  This  implies  seme  kind  of  negative  feed¬ 
back  control  to  operate  at  temperature  limited  emission.  Also,  at  a 
fixed  value  of  anode  current,  the  cathode  temperatvire  is  found  to  be 
independent  of  a  large  change  in  magnetic  field  that  causes  a  corres¬ 
pondingly  large  change  in  the  operating  voltage  and  the  power  output, 
and  also  to  be  largely  independoit  of  a  large  change  in  the  impedance 
of  the  external  load. 

The  material  in  this  paper  which  has  not  beai  previously  published 
expands  upon  these  observations  and  derives  an  expression  frcm  formal 
control  theory  that  predicts  the  time  for  the  filament  to  heat  up  to  meet 
the  increased  emission  demands. 
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INTRODUCTION 


In  the  general  activity  involving  the  development  of  the  SPS  (Solar  Power 
Satellite)  concept  the  author  became  involved  with  an  in-depth  evaluation  of  the 
conventional  microwave  oven  magnetron  in  terms  of  both  experimentally  measured 
noise  and  an  evaluation  of  long-life  potential^^ >2)^  During  this  activity  he  was 
amazed  to  find  that  the  tube,  when  run  with  a  well-filtered  DC  power  input  and  with 
the  external  source  of  filament  power  turned  off,  controlled  its  cathode  backbombard- 
raent  mechanism  to  heat  the  cathode  to  an  apparent  temperature  limited  emission 
condition  but  no  further.  When  moderate  amounts  of  external  filament  power  were 
applied,  with  the  anode  current  kept  constant,  the  cathode  in  a  tube  with  a  viewing 
port  was  observed  to  continue  to  operate  at  the  same  temperature  while  the  tube's 
efficiency  increased  only  slightly.  This  observation  indicated  that  the  tube  had 
adjusted  itself  to  reduce  the  amount  of  microwave  power  that  was  converted  into 
backbombardraent  power  in  a  manner  analagous  to  a  negative  feedback  process. 

The  practical  benefits  of  this  self-disciplined  behavior  were  noise-free 
operation  and  maximum  cathode  life,  the  latter  resulting  from  automatically  minimizing 
the  operating  temperature  of  the  cathode. 

During  the  investigation  it  was  found  that  the  optically  observed  increase 
in  the  cathode  temperature  as  the  magnetron  anode  current  was  increased  matched 
very  closely  that  predicted  by  the  Richardson-Dushman  equation  for  temperature 
limited  emission  from  a  carburized  thoriated  tungsten  cathode.  This  data  is  shown 
in  Figure  1.  However,  it  is  noted  that  the  cathode  temperature  increased  more 
rapidly  with  anode  current  than  the  Richardson-Dushman  relationship  predicts  if 
indeed  the  cathode  were  always  emission  limited. 

On  the  other  hand,  if  the  anode  current  were  kept  constant,  the  filament 
temperature  was  not  observed  to  vary  with  magnetic  field  or  with  external  coupling 
(external  Q)  over  relatively  wide  excursions  of  these  parameters  as  shown  in  Figures 
2  and  3.  The  constancy  of  cathode  temperature  with  variation  of  the  magnetic  field 
over  a  wide  range  was  particularly  interesting  since  the  DC  power  input  and  microwave 
power  output  obviously  varied  with  the  change  in  voltage  that  accompanied  the  change 
in  magnetic  field.  These  observations  were  surprising  to  the  author  and,  I  suspect, 
counter  to  the  prevailing  wisdom  in  the  crossed-f ield  community. 

It  should  be  noted  in  Figure  2,  however,  that  when  the  magnetic  field  and 
operating  voltage  exceed  certain  values  there  is  a  sharp  increase  in  the  operating 
temperature  of  the  cathode.  These  values  of  voltage  and  magnetic  field  are  the 
same  as  those  for  a  sudden  increase  in  noise  from  the  magnetron  as  may  be  seen  in 
Figure  4-2  of  Appendix  V. 

The  carburized  thoriated  tungsten  cathode,  central  to  the  theme  of  this 
paper,  is  a  relatively  unique  cathode  to  be  used  in  a  crossed  field  device.  It  is 
essentially  a  primary  emitting  cathode.  The  carburization  makes  it  a  very  poor 
secondary  emitter.  It  is  also  free  from  chemical  breakdown  by  electron  bombardment 
that  seems  to  be  associated  with  all  other  cathodes  than  pure  metals.  Life  in  tubes 


179 


BRIGHTNESS  TEMPERATURE 


ANODE  CURRENT  MILLIAMPERES 

Figure  1.  Experimentally  Observed  and  Theoretically  Predicted 
Relstionship  Between  Cathode  Temperature  and  Anode 
Current. 
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Figure  2.  Anode  Voltage  and  Cathode  Brightness  Temperature  as  Function 
of  Magnetic  Field. 
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Figure  3.  Cathode  Brightness  Temperature  and  Power  Output  as  Function 
of  Loading. 


with  good  vacuum  is  limited  only  by  the  slow  evaporation  of  thorium  from  the  surface 
of  the  cathode.  If  the  temperature  is  low  and  the  depth  of  carburization  several 
mils,  life  can  run  into  scores  of  years.  The  good  performance  of  the  cathode  in 
the  microwave  oven  tube  where  it  is  routinely  insulted,  attests  to  its  general 
ruggedness  and  reliability.  Further,  there  is  a  wealth  of  excellent  theoretical 
and  experimental  information  on  the  carburized  thoriated  tungsten  cathode,  including 
life  test  information  that  confirms  theoretical  prediction  of  long  life. 

The  author  has  sought  to  both  quantify  and  generalize  the  observed  behavior 
of  the  carburized  thoriated  tungsten  cathode  in  the  microwave  oven  magnetron  by 
characterizing  it  in  terms  of  feedback  control  theory.  In  this  treatment,  no  attempt 
will  be  made  to  examine  the  physical  phenomena  within  the  magnetron.  Rather,  it 
will  be  treated  as  a  black  box,  and  characterized  by  external  observation  of  its 
behavior.  However,  there  are  some  very  fundamental  issues  raised  concerning  this 
characterization  because  the  feedback  mechanism  has  such  a  very  high  control  ratio. 
One  major  issue  is  whether  the  microwave  oven  magnetron  behaves  in  the  manner  that 
it  does  because  of  a  chance  combination  of  design  parameters.  A  second  issue  that 
is  raised  is  how  does  the  observed  behavior  scale  to  other  frequencies  and  power 
levels.  Still  another  issue  is  how  well  do  any  codes  describing  the  internal 
behavior  of  the  space  charge  flow  in  magnetrons  describe  the  back  bombardment 
behavior . 

A  very  interesting  byproduct  of  this  exercise  and  one  which  will  help 
introduce  the  negative  feedback  characterization  of  the  observed  pehnomenon  is  a 
pulse  technique  for  measuring  excess  emission  from  the  cathode.  Excess  emission  is 
defined  as  that  emission  which  the  cathode  could  furnish  over  and  above  that  required 
to  satisfy  the  anode  current  operating  value. 

PULSE  TECHNIQUE  FOR  MEASURING  EXCESS  EMISSION 

The  principle  of  the  technique  is  simple.  If  the  filamentary  cathode  is 
operating  exactly  at  the  temperature  limited  emission  condition  and  a  sudden  increase 
in  anode  voltage  is  applied,  there  will  not  be  an  instant  increase  in  current 
because  the  filament  cannot  emit  more  current  until  it  is  heated  up  by  additional 
backbombardment .  If  the  filament  is  operating  above  the  temperature  limited 
condition,  there  will  be  an  instantaneous  increase  in  current  up  to  the  actual 
temperature  limited  condition  and  then  a  slower  increase  in  anode  current  as  the 
cathode  heats  up  from  additional  backbombardment.  This  behavior  is  clearly  shown 
in  Figures  4  and  5.  To  interpret  the  behavior,  however,  we  must  refer  to  Figure  6 
which  defines  the  parameters  associated  with  Figures  4  and  5. 

In  Figure  6,  the  relationship  between  the  applied  potential  V  to  the 
magnetron  and  the  anode  current  I  is  shown.  Because  of  the  presence  of  the  magnetic 
field,  current  is  not  drawn  until  the  ”Hartree”  Voltage  is  reached,  then,  in  a 
CW  magnetron,  the  voltage-current  characteristic  is  nearly  flat.  For  the  subsequent 
analysis,  it  will  be  considered  flat. 

If  the  power  supply  is  characterized  as  having  an  open  circuit  voltage 
above  that  of  the  V-I  characteristic  of  the  magnetron  and  of  being  connected  to  the 
magnetron  through  the  resistance  R,  then  the  steady  state  current  Iq  =  V^/R  is 
established  as  shown  in  Figure  6,  In  the  experimental  work,  a  voltage  regulated 
power  supply  was  used  and  a  known  resistance  R  was  inserted  between  the  power  supply 
and  the  magnetron. 
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FIG.  6.  DEFINITION  OF  COMPONENTS  OF  FEEDBACK  CONTROL  LOOP 


Fig.  7,  Quantification  of  excess  emission  as  a  function  of  anode  current. 
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RATIO  OF  EXCESS  EMISSION  TO  I 


Now  if  Vq  is  increased  by  ■•'•Vo’,  a  steady  state  ^  Iq  ’  -  '•Vo'/R  results. 
Initially,  however,  if  the  current  Iq  is  supplied  by  a  truly  emission  limited^ 
cathode,  the  cathode  has  to  increase  in  temperature  Tq*  produce  . Iq  .  This  is 
a  time“Consuraing  process  that  depends  upon  the  increase  in  backbombardraent  power 
and  the  thermal  mass  of  the  cathode.  Initially  at  time  t  —  0,  there  is  an  excess 
voltage  ^-Vq'  at  Iq  that  produces  more  backbombardraent.  The  conversion  factor  from 
excess  voltage  to  watts  of  backbombardraent  power  is  determined  experimentally  as 
will  be  described  later. 

The  backbombardraent  power,  applied  to  the  cathode,  heats  it  at  a  rate  of 
temperature  rise  that  depends  upon  the  thermal  mass  of  the  filament.  The  emission 
current  increases  as  the  temperature  increases,  reducing  the  exessive  <--Vq  applied 
to  the  tube  and  reducing  the  backbombardment.  The  increased  emission  will  be  equal 
to  the  incremental  increase  in  temperature  multiplied  by  the  slope  of  the  Richardson 
Dushman  equation  for  temperature  limited  emission.  Finally  the  steady  state  ilo'  = 
c. Vq'/R  is  reached. 

However,  if  the  cathode  is  not  truly  emission  limited  but  is  operating  at  a 
temperature  which  will  instantaneously  supply  additional  current,  previously  defined 
**g^Q0gg  gniission**,  there  will  be  an  instantaneous  increase  in  anode  current  as 
shown  in  Figures  4  and  5.  In  Figure  6,  '  Iq  could  represent  an  instantaneous 
increase  in  current  from  Iq  to  Iq  +  --lo  which  is  the  true  temperature  limited 
emission  of  the  cathode.  Then  the  excess  voltage  imposed  upon  the  cathode  to  create 
additional  backbombardment  will  be  reduced  from  4Vq’  to  4Vq'  -  ^Vq.  The  steady 
state  Iq’  will  then  be  reached  with  a  time  consuming  process  as  before.  The  value 
of  excess  emission  is  well  defined  and  quantified  on  the  cathode  ray  presentation 
as  indicated  in  Figures  4  and  5. 

The  excess  emission  for  the  condition  of  no  external  he^ater  power  has  been 
examined  as  a  function  of  anode  current,  Iq,  as  shown  in  Figure  7.  The  ratio  of 
excess  emission  to  Iq  is  seen  to  increase  with  Iq,  indicating  that  the  feedback 
process  is  not  perfect  (infinite  gain).  The  data  also  suggests  that  at  a  value  of 
Iq  of  around  100  milliamperes  the  cathode  will  be  emission  starved.  This  indeed  is 
the  case  and  the  tube  stops  oscillating. 

QUANTIFYING  THE  CONTROL  LOOP  BEHAVIOR 

process  may  be  generalized  and  quantified  by  using  formal  control 
theory.  Figure  8  is  the  generalized  representation  for  a  control  mechanism  with  a 
feedback  loop. 

C(t)  denotes  the  output  as  a  function  of  time,  while  R(t)  indicates  the 
controlling  input  as  a  function  of  time.  The  ratio  of  C(t)  to  R(t)  is  called  the 
control  ratio  and  it  provides  both  transient  and  steady  state  solutions.  The 
control  ratio  is  specified  in  terms  of  the  other  parameters  in  the  diagram  as 

C(t)  =  G(t)  _  (1) 

R(t)  1  +  G(t)  H(t) 

Figure  9  converts  the  generalized  form  to  our  specific  application.  In 
Figure  6,  both  Avq  and  AIq  are  considered  as  functions  of  time.  The  final  values 
after  the  transient  has  subsided  are  labeled  AVq'  and  AIq  as  seen  in  Figure- 4, 
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G(t)  is  defined  as  the  transfer  function,  that  in  this  Instance  consists  of 
the  product  of  three  constant^  K1K2K3  and  tirae,  t.  The  constants  are  defined  later. 
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backborabardraent  power.  To  make  this  calibration  the  anode 
voltage  is  noted  with  no  external  heater  power.  Then  filament 
power  is  added  in  increments  and  the  reduction  in  anode  vol¬ 
tage  for  each  increment  is  noted.  The  relat ioni^hip  is  found 


187 


It  is  of  interest  to  apply  equation  (4)  to  the  microwave 
oven  magnetron  with  the  following  values  for  the  parameters: 


Instabilities,  Turbulence  and  Organized  Structures 
in  Magnetized  Electron  Columns 
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Abstract.  Magnetically  confined  electron  columns  evolve  as  near-ideal  two- 
dimensional  E  X  B  flows,  allowing  quantitative  study  of  instabilities  and  tur¬ 
bulence.  Experiments  are  discussed  from  the  regime  of  linear  waves,  where  the 
usual  step-profile  analysis  proves  inadequate,  to  the  fully  nonlinear  regime  of 
separate  interacting  vortices,  where  we  find  good  agreement  with  vortex  merger 
simulations.  In  between  these  extremes,  we  find  both  perspectives  are  important 
to  understand  the  observed  behavior. 


1.  INTRODUCTION 

Magnetically  confined  pure  electron  columns  are  excellent  systems  for  quantitative  ob- 
servaUons  of  2D  vortices,  turbulence  and  self-organization  in  a  cross-field  geometry  at  low 
energies.  Here,  we  describe  several  experiments  which  characterize  this  process  from  the 
seemingly  disparate  perspectives  of  near-linear  waves  and  fully  nonlinear  vortices.  Interest- 
ingly?  ^  number  of  similarities  are  seen. 

A  “generic”  experimental  apparatus  is  shown  schematically  in  Fig.  1.  The  electrons 
are  contained  in  a  grounded  conducting  cylinder.  A  uniform  axial  magnetic  field  (B  < 
IT)  provides  radial  confinement,  and  negative  voltages  applied  to  end  cylinders  provide 
confinement  at  the  ends.  The  apparatus  is  operated  in  an  inject/manipulate/dump  cycle. 
For  injection  the  leftmost  cylinder  is  briefly  grounded,  allowing  electrons  to  enter  from  the 
negatively  biased  tungsten  filament.  Then  the  confined  plasma  is  sensed  and  manipulated 
by  antennas  on  the  wall.  Finally,  after  a  confinement  time  which  may  be  as  long  as  hundreds 
of  seconds,  the  rightmost  cylinder  is  grounded  and  the  ^-integrated  electron  density  n(r,  6) 
is  measured  by  accelerating  the  electrons  onto  a  phosphor  screen  and  imaging  the  resulting 
light  with  a  CCD  camera. 

For  the  experiments  discussed  here,  the  electron  gyrofrequency  is  a  few  GHz,  much  higher 
than  other  frequencies  in  the  system.  The  gyroradius  is  the  order  of  a  few  pm,  much  smaller 

•Present  address;  Los  Alamos  National  Laboratory,  Los  Alamos,  NM  87545 
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Figure  1.  The  cylindrical  experimental  apparatus  with  phosphor  screen/CCD  camera  diagnostic. 


than  the  diameter  of  the  conducting  wall  (2Ilui  =  7  cm).  In  addition,  the  density  is  far  below 
the  Brillouin  limit  (n/uB  ~  .01),  i.e.  electrons  move  slowly  enough  so  that  electron  inertia 
can  be  ignored.  In  this  regime  the  electron  motion  is  well-described  by  the  E  x  B  drift 
equations.  Finally,  the  axial  bounce  frequency  of  an  individual  electron  (~  1  MHz)  is  much 
larger  than  the  drift  rotation  frequency  (10-100  kHz),  so  the  electrons  behave  as  “rods”  of 
charge. 

In  this  approximation,  the  (r,  $)  flow  of  the  electrons  is  described  by  the  2D  drift-Poisson 
[1]  equations, 


—  -1-v- Vn  =  0 
at 


V  = 


-^V<;6  X  i  , 


=  47ren  , 


(1) 


where  n{r,6)  is  the  (z-averaged)  electron  density,  v(r,0)  is  the  E  x  B  drift  velocity,  and 
4>{r,6)  is  the  electrostatic  potential.  The  vorticity  of  the  flow,  (  =  z  •  V  x  v  =  (Anec/ B)n, 
is  proportional  to  the  electron  density,  which  is  directly  measured.  These  equations  are 
isomorphic  to  the  Euler  equation  [2,3].  A  column  of  electrons  in  vacuum  surrounded  by  a 
conductor  thus  evolves  as  would  a  2D  vortex  in  an  incompressible  inviscid  fluid  surrounded 
by  a  circular  free-slip  boundary.  Of  course,  there  are  also  various  “viscous”  plasma  effects 
[4]  on  small  spatial  scales,  which  are  not  modelled  by  the  Navier-Stokes  equation.  However, 
we  believe  the  effects  described  in  this  paper  do  not  depend  on  the  details  of  the  fine-scale 
dissipation. 


2.  MODES  AND  INSTABILITIES 

We  first  consider  an  isolated  electron  plasma  column,  i.e.  an  isolated  vortex.  Asym¬ 
metries  in  the  n(r,0)  profile  can  be  treated  as  waves  on  an  otherwise  circular  vortex. 
Our  n{r,6,t)  data  allows  us  to  completely  characterize  the  =  0  modes,  varying  as 
exp{imd  —  iumt).  It  is  well  known  that  hollow  density  profiles  can  have  diocotron  {i.e. 
Kelvin- Helmholtz)  instabilities,  whereas  monotonically-decreasing  profiles  have  only  stable 
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Figure  2.  Camera  images  of  electron  density  (z.e.  vorticity)  showing  the  evolution  of  an  initially  hollow 
electron  column. 

or  damped  modes.  More  precisely,  Rayleigh’s  inflection-point  theorem  [5]  as  extended  by- 
Arnold  [6]  shows  that  the  system  is  nonlinearly  stable  if  n(r)  is  monotonically  decreasing. 

When  n(r)  and  the  resulting  drift  rotation  frequency  u>E{r)  are  sufficiently  non-monotonic, 
m  >  2  exponential  instabilities  are  predicted  by  inviscid  2D  fluid  theory  [2].  These  m  >  2 
shear-flow  instabilities  are  readily  observed  on  hollow  beams  and  trapped  electron  columns 
[3,7,8].  Figure  2  shows  an  m  =  2  instability  leading  to  turbulence  and  large-scale  transport 
to  a  stable,  monotonic  profile,  and  will  be  discussed  below. 

ft  is  important  to  emphasize  that  the  stable  and  unstable  diocotron  modes  are  sepa¬ 
rate  and  apparently  mutually  orthogonal,  and  may  co-exist  on  hollow  profiles  [3,9].  This 
distinction  is  missed  by  the  usual  “step-profile”  vorticity  patch  analysis.  The  step-profile 
approximation  gives  modes  occurring  only  in  complex  conjugate  pairs  [1].  Experimentally, 
the  stable  and  unstable  modes  for  m  >2  have  completely  different  real  frequencies,  and  one 
mode  can  be  unstable  even  when  the  other  is  not  significantly  damped.  Both  the  frequencies 
and  growth  rates  of  the  m  >  2  modes  are  reasonably  well  characterized  by  computational 
solution  of  the  eigenvalue  equation  using  the  measured  density  profiles.  For  short  wavelengths 
{e.g.  m  >  15),  however,  experiments  have  observed  stabilization  by  plasma  effects  outside 
2D  fluid  theory  [8]. 

For  m  =  1,  a  strong  exponential  instability  is  also  observed  experimentally  [9].  This 
exponentially  growing  mode  does  not  exist  within  2D  fluid  theory,  although  an  initial-value 
analysis  demonstrates  that  perturbations  can  grow  algebraically  with  time  [10].  More  recent 
analyses  suggest  that  finite  Larmor  radius  and  finite  length  effects  outside  2D  fluid  theory 
can  result  in  exponential  growth  of  m  =  1  [11,12]. 

Before  leaving  the  topic  of  shear  instabilities,  we  note  that  in  annular  systems  (such 
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as  magnetrons)  the  shear  is  strongly  affected  by  the  bias  on  a  central  conductor,  whereas 
our  system  has  no  central  conductor.  In  addition,  for  the  experiments  discussed  here  the 
plasma  edge  is  typically  only  about  one-half  way  to  the  wall,  so  that  image  charge  effects 
are  relatively  small. 

3.  DIRECT  AND  BEAT- WAVE  DAMPING 

Small  amplitude  surface  waves  on  an  isolated,  circular,  constant-density  plasma  of  radius 
Rp  are  all  stable,  with  frequencies  Um  =  <^e  [m  —  1  -t-  (Rp/ For  this  case,  the 
E  X  B  rotation  frequency,  u>e^  is  constant  throughout  the  vortex,  and  all  surface  waves  have 

<  ‘■^E-  For  more  general  density  profiles  there  arises  the  possibility  of  a  resonant  radius 
Vs  where  u)m  —  m  i.e.  where  the  wave  moves  with  the  same  velocity  as  the  fluid 

[13].  This  “direct”  resonance  can  give  rise  to  inviscid,  spatial- Landau  damping  of  the  wave 
[2],  i.e.  symmetrization  of  the  vortex.  For  even  moderate  wave  amplitudes,  this  damping 
is  typically  nonlinear,  and  the  damping  may  decrease  [14,15]  or  cease  [3]  when  the  resulting 
“cat’s-eye”  flows  generate  fine-scale  filaments  inside  the  vortex.  For  reasonably  sharp-edged 
vorticity  profiles,  the  resonant  radii  can  be  completely  outside  the  vortex,  in  which  case  no 
direct  resonance  damping  occurs. 

Of  perhaps  more  interest  for  real  plasmas  and  flows  are  the  large  amplitude  modes.  The 
Kirchoff  ellipse  is  an  exact  nonlinear  solution  [16]  for  an  m  =  2  distortion  of  a  constant  density 
patch,  and  nonlinear  solutions  for  m  >  3  have  been  found  numerically  and  analytically  [17]. 
For  large  amplitude  distortions,  aj£;(r)  no  longer  adequately  describes  the  ^-dependent  flow. 
Figure  3  shows  an  experimental  example  of  a  large  amplitude  m  =  2  distortion  on  a  nearly 
constant  density  patch.  For  this  case,  filaments  generated  at  the  resonance  “X-points”  lie 
outside  the  vortex  [17,18].  The  evolution  of  this  process  will  be  highly  nonlinear,  and  the 
resonant  damping  may  cease  with  the  formation  of  these  steady-state  filamentary  structures. 
This  structure  is  also  described  as  a  “tripole,”  since  the  “holes”  surrounded  by  the  filaments 
are  negative  vorticity  relative  to  the  center  [19].  Furthermore,  this  state  seems  to  be  the 
“linear  wave”  analogue  of  the  long-lived  “holes”  discussed  in  the  next  section. 

Even  when  no  “direct”  resonance  occurs,  we  find  [20]  that  a  single,  excited  wave  varying 
as  sin(m0)  will  decay  into  a  daughter  wave  varying  as  sin[(m  —  1)^],  through  resonance 
damping  of  the  nonlinear  “beat  wave”  at  frequency  —  ^m-i  [21].  The  direct  and  beat 
wave  damping  processes  are  shown  diagrammatically  in  Fig.  4.  When  this  beat-wave  resonant 
coupling  exists,  a  single  surface  wave  is  an  unstable  equilibrium,  and  no  equilibrium  exists 
with  two  waves. 

This  beat-wave  damping  is  seen  to  give  global  symmetrization  of  an  asymmetric  vortex, 
while  presumably  also  generating  fine-scale  resonance  filaments  within  the  vortex.  For  many 
vortex  profiles,  this  beat  wave  damping  is  observed  to  be  the  fastest  mechanism  for  sym¬ 
metrization.  Figure  5  shows  the  measured  density  (i.e.  vorticity)  distribution  before  and 
after  beat-wave  damping  of  an  m  =  3  perturbation  on  an  otherwise  symmetric  column,  and 
shows  the  daughter  growth  rates  7m-i  for  decays  of  m-number  4  — >  3,  3  -4  2,  and  2^1. 
For  3-^2,  the  m  =  3  pump  mode  decays  rapidly  to  an  m  =  2  daughter  mode  plus  a  diffuse 
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Figure  3.  Measured  density  n{r,  6)  phase  coherent 


with  a  partially  damped  m  =  2  diocotron  mode. 


Direct  Damping 


ni-1,  Wm-1 


Beat-Wave  Damping 


Figure  4.  Diagrammatic  representation  of  (a)  direct  spatial  Landau  damping  and  (b)  beat-wave  damping. 
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Amplitude 

Figure  5.  Measured  decay  instability  growth  rates  am-iTR  versus  mode  amplitude  Am,  for  m  =  4,  3 
and  2.  Insert  shows  n(r,  0)  before  and  after  the  3  — ►  2  instability. 

halo,  within  10  rotations  of  the  vortex.  The  resultant  m  =  2  mode  is  then  unstable  to  decay 
into  an  m  =  1  mode.  We  note  that  the  initial  condition  exhibits  slight  filamentation  due  to 
direct  resonance  damping  of  the  large  m  =  3  mode. 

The  nonlinear  couplings  involved  in  beat-wave  damping  have  been  treated  in  general  by 
Crawford  and  O’Neil  [21],  although  no  quantitative  coupling  rates  Fij  have  yet  been  calcu¬ 
lated.  Energy  and  angular  momentum  conservation  between  waves  and  particles  predicts 
that  the  coupling  between  pump  mode  i  and  daughter  mode  j  will  occur  at  a  radius  where 

Ui  -  Uj  =  -  j)  .  (2) 

The  unstable  mode  j  is  predicted  to  grow  as 

I  4,-  =  (-a,  +  ,  (3) 

where  aj  is  the  linear  damping  of  mode  j  and  the  coupling  rates  Fij  are  independent  of 
mode  amplitude  A,  for  small  Ai.  A  similar  nonlinear  coupling  to  external  field  asymmetry 
amplitudes  Ai  gives  rise  to  an  “induced  scattering  instability”  which  has  been  previously 
observed  on  these  electron  systems  [22]. 

The  predicted  dependence  on  the  square  of  the  pump  mode  amplitude  Ai  in  Eq.  (3) 
agrees  with  the  experimental  data  of  Fig.  5.  This  allows  us  to  estimate  the  coupling  rates 
Fj-j;  the  dashed  lines  in  Fig.  4  give  F21  =  0.025/rij,  F32  =  1.3/rfl  and  F43  =  120. /tr.  These 
measured  rates  are  about  10  times  less  than  estimated  from  first  order  perturbation  theory 
[23].  Presumably,  this  is  because  the  instability  generates  filaments  (or  “cat’s  eyes”)  which 
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then  suppress  the  instability.  Fine-scale  diffusion  or  viscosity  eventually  smoothes  out  the 
filaments,  allowing  the  instability  to  proceed  further,  and  this  effect  determines  the  overall 
rate  of  evolution.  This  is  similar  to  the  situation  with  direct  damping  of  large  amplitude 
surface  modes,  where  “bounce”  oscillations  and  less-than-expected  damping  rates  have  been 
observed  [15]. 

Our  observations  show  that  surface  wave  damping  from  direct  and  beat-wave  resonances 
should  contribute  significantly  to  the  relaxation  of  vortices  in  inviscid  2D  flows.  Indeed,  the 
beat  wave  damping  measured  here  suggests  that  when  there  are  available  longer-wavelength 
modes,  surface  waves  of  finite  amplitude  will  always  be  damped,  and  fine-scale  filamentation 
or  cats-eyes  within  or  outside  the  vortex  will  be  generated.  One  consequence  of  this  beat 
wave  damping  is  that  a  long-wavelength  mode  (such  as  an  m  =  2  ellipse)  would  appear  to 
actively  damp  or  suppress  shorter  wavelength  modes  such  as  m  =  3.  These  shape  distortions 
are  an  inherent  result  of  vortex-vortex  interactions,  including  those  leading  to  merger  [24]  or 
filamentation  [25],  so  direct  damping  and  beat-wave  damping  may  affect  these  interaction 
processes. 

Finally,  we  note  that  the  near-linear  perspective  of  the  beat-wave  decay  instability  shows 
qualitative  correspondence  with  even  the  highly  nonlinear  evolution  of  Fig.  2.  For  example, 
the  plasma  at  40  tr  has  moderate  amplitude  m  =  3  components  8n^  and  and  this 
relaxes  to  predominantly  m  =  2  components  by  100  tr.  Of  course,  Sus^r)  and  Sn2{r)  do 
not  necessarily  correspond  to  the  radial  eigenfunctions  for  linear  modes.  Both  beat-wave 
damping  and  vortex  merger  result  in  energy  flowing  to  long  wavelengths,  with  concomitant 
formation  of  fine  scale  filamentation. 


4.  VORTICES  STABLE  IN  SHEAR 

From  the  nonlinear  perspective,  the  rate  of  relaxation  towards  symmetry  in  Fig.  2  is 
largely  determined  by  the  longevity  of  coherent  negative  vortices,  or  “holes”  [26]  within  the 
larger  vortex.  These  holes  are  stable  for  hundreds  of  bulk  rotation  times,  generally  in  a 
preferred  configuration  of  two  diametrically  opposed  holes  on  a  distorted  core  (a  “tripole”). 
On  a  longer  time  scale,  these  holes  creep  radially  outward  and  are  eventually  destroyed. 
Because  of  these  coherent  holes,  the  observed  fluctuation  relaxation  rate  is  about  50  times 
slower  than  expected  from  simple,  passive-tracer  mixing,  and  the  measured  fluctuations  are 
strongly  skewed  from  Gaussian. 

The  longevity  of  the  vorticity  holes  in  the  images  of  Fig.  2  suggests  that  the  holes  can  be 
regarded  as  negative  vortices  in  equilibrium  with  the  background  shear  flow  of  the  large-scale 
^-averaged  vorticity  distribution  n[r).  The  inviscid  equilibria  of  uniform  vorticity  patches 
in  an  imposed  background  flow  are  ellipses,  as  first  derived  by  Moore  and  Saffman  [27].  In 
our  case,  the  mean  background  flow  is  purely  rotational,  i.e.  <v>=  ujR{r)rd,  leading  to  a 
simple,  linear  shear  in  the  vicinity  of  any  point.  Therefore,  the  equilibrium  depends  only  on 
the  scaled  shear 

duj]^ 

-^|r,  /  ,  (4) 
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Figure  6.  Measured  hole  aspect  ratio  A  versus  normalized  background  shear  a  and  Moore-SafFman 
model  (curve). 

where  is  the  difTerence  between  the  vorticity  at  the  center  of  the  vortex  (at  radius  r^) 
and  the  background  vorticity  <  C  >  ^.t  r„.  Since  the  rotational  shear  considered  here  is 
everywhere  negative,  the  equilibria  are  ellipses  oriented  along  6  (for  holes  with  a  >  0)  or 
along  r  (for  clumps  with  <7  <  0). 

Figure  6  shows  the  predicted  and  measured  hole  aspect  ratios  A  =  a/b,  where  a  and  b 
are  the  elliptical  axes  along  the  d  and  r  directions  respectively.  Here,  A  and  cr  are  measured 
directly  from  16  images  such  as  those  shown  in  Fig.  2  at  times  40  <  t/rn  <  400.  Reasonable 
agreement  between  the  measurement  and  the  model  is  found,  validating  the  applicability  of 
the  model  to  individual  holes  in  this  system.  The  holes  are  robust  because  they  are  prograde 
with  respect  to  the  negative  background  shear,  whereas  clumps  would  be  retrograde. 

In  the  model,  holes  of  any  depth  A(h  can  survive  in  the  background  flow  with  negative 
shear.  Of  course,  a  shallow  hole  would  be  very  elongated,  and  the  local  model  is  no  longer 
valid.  In  contrast,  a  clump  must  have  relative  vorticity 

ACc  >  (3  +  2V2)re|^k  (5) 

to  be  in  equilibrium.  Such  very  intense  clumps  are  not  observed  for  evolutions  from  initially 
smooth  distributions  such  as  Fig.  2.  If  we  approximate  the  background  as  <  (  >=  Co[l  — 
giving  rdojn/dr  =  — (^o/2)  (r/ro)^,  then  Ai^c  cannot  be  large  enough  to  satisfy 
Eq.  (5)  provided  the  clump  vorticity  is  no  greater  than  the  central  vorticity  (i.e.  (^c  ^  Co)- 
However,  long-lived  clumps  have  been  observed  in  this  apparatus  during  evolutions  of  highly- 
filamented,  initial  conditions  with  low  shear  profiles,  as  we  will  discuss  in  the  next  section 
[28].  Also,  a  similar  limit  to  vortex  stability  has  recently  been  measured  in  a  system  with  a 
controlled  background  shear  [29]. 

After  about  40  r/j,  the  number  of  observed  holes  decreases  with  time,  and  the  remaining 
holes  tend  to  organize  into  symmetric  configurations.  After  t  ~  80  r/j,  virtually  all  the 
images  are  in  the  tripolar  configuration  of  a  deformed  central  core  and  two  elliptical  holes 
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opposite  in  typified  by  Fig.  2  at  100  tr.  The  decrease  in  the  number  of  holes  with  time 
is  apparently  due  to  mutual  advection  and  merger  [30]  of  the  holes.  These  merger  events 
have  been  observed  in  a  few  camera  images,  but  the  shot-to-shot  irreproducibility  precludes 
imaging  the  dynamics  of  merger.  The  “tripole”  state  is  stable  for  hundreds  of  tr  because  of 
hole-induced  distortion  of  the  background  flow  not  treated  in  the  simple  model:  the  elongated 
core  in  Fig.  2  at  100  tr  maintains  the  ^-positions  of  the  two  holes. 

In  these  evolutions,  the  quasi-stable  tripolar  configuration  is  eventually  destroyed  by  a 
slow,  outward  creep  of  the  holes:  the  holes  move  from  rhjRw  ^  0.35  to  thIRw  ^  0.50  in 
about  500r/j.  The  cause  of  this  outward  motion  is  unknown  at  present.  However,  experiments 
varying  Lp  and  suggest  that  this  outward  creep  is  a  2D  E  x  B  drift  effect  rather  than  an 
axial  end  effect  [31,32],  and  recent  theory  work  suggests  the  creep  arises  from  the  perturbation 
which  the  hole  induces  in  the  background  flow  [33].  When  the  holes  approach  the  edge  of 
the  column  at  r/j/ ~  0.57,  they  apparently  filament  in  the  0  direction  and  are  destroyed. 

5.  VORTEX  CRYSTALS 

So  far  we  have  discussed  experiments  where  the  initial  profile  is  smooth;  here  we  discuss 
cases  where  we  initially  trap  a  highly-filamented  electron  density  distribution  from  the  spiral 
electron  source  [28].  Many  individual  vortices  then  form  due  to  local  Kelvin-Helmholtz 
instabilities,  and  this  turbulent  state  evolves  and  relaxes  by  chaotic  vortex  advection  and 
mergers. 

Figure  7  shows  the  measured  vorticity  (^(r,  6,  t)  at  five  times  for  two  slightly  different  initial 
conditions,  varied  by  changing  the  filament  bias  voltages.  The  upper  sequence  forms  ordered 
patterns  of  vortices  that  we  call  “vortex  crystals,”  whereas  the  lower  sequence  relaxes  rapidly 
to  a  monotonically-decreasing  profile.  The  vortex  crystal  states  consist  of  5-11  individual 
vortices  each  with  vorticity  4-6  times  the  background  vorticity,  arranged  in  a  lattice  pattern 
which  rotates  with  the  background.  In  plasma  terms,  rods  of  enhanced  electron  density 
(n  ~  7  X  10®  cm  are  maintaining  self-coherence  and  positions  relative  to  each  other  for 
several  seconds,  while  E  x  B  drifting  with  a  diffuse  background  (ne  ~  2  x  10®  cm“^). 
Vortex  crystal  states  are  repeatably  observed  over  a  range  of  filament  bias  voltages,  but  the 
characteristics  of  the  initial  n(r,  required  for  these  states  are  not  vet  understood. 

In  both  sequences,  the  unstable  filamentary  initial  condition  forms  Ny  =  50—100  vortices 
of  roughly  equal  circulation,  after  which  the  number  of  discrete  vortices  Ny  initially  decreases 
as  Ny  ~  with  ^  ^  1.  This  relaxation  is  generally  consistent  with  the  predictions  of  the 
“dynamical  scaling "  theory  of  Refs.  [34];  the  experimentally-observed  range  from  0.4  to 
1.1  as  the  initial  conditions  are  varied,  with  0.8  being  commonly  observed.  Here,  the  merger, 
filamentation,  and  diffusion  results  in  a  decrease  in  the  discrete  vortex  circulation,  roughlv 
asEr.~r«/2. 

In  the  evolution  of  the  top  sequence  in  Fig.  7,  the  relaxation  is  arrested  by  the  “cooling” 
of  the  chaotic  vortex  motions,  with  formation  of  vortex  crystals  by  10  tr.  When  the  vortices 
all  have  about  the  same  circulation,  the  patterns  are  quite  regular,  as  seen  at  600  in  Fig.  7. 
After  about  10^  tr,  Ny  decreases  to  1  as  the  individual  vortices  decay  away  in  place.  Other 
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Figure  7.  Images  of  vorticity  at  five  times  for  two  sequences  from  similar  initial  conditions.  The  black 
arcs  indicate  the  wall  radius. 

experimental  images  show  that  as  decreases,  the  remaining  vortices  re-adjust  to  a  new 
rigidly-rotating,  symmetrically-spaced  pattern. 

Reduction  of  the  chaotic  advective  motions  of  the  individual  vortices  is  required  to  form 
the  vortex  crystal  states.  This  “cooling”  is  shown  in  Fig.  8.  Here,  the  average  magnitude 
of  the  random  velocities  of  the  individual  vortices,  |(JV|,  is  relative  to  the  rotating  frame 
in  which  the  mean  discrete  vortex  velocity  is  zero.  The  velocities  are  obtained  from  the 
potential  4>{r,  $)  calculated  from  the  measured  n(r,  0)  and  boundary  conditions  4>(Rw,  0)  =  0. 
The  measured  |(Jy|  decreases  a  factor  of  6  between  2  tr  and  100  tr  for  the  crystals  sequence, 
whereas  only  slight  cooling  is  seen  before  =  1  (and  |<jy|  =  0  by  definition)  for  the 
monotonic  sequence.  The  residual  |(JV^|  for  t  >  100  tr  may  indicate  incomplete  cooling, 
measurement  noise,  or  systematic  errors  such  as  uncertainty  in  the  position  of  the  trap  axis. 


10“2  1  102  10^ 


Figure  8.  Evolution  of  the  average  chaotic  velocity  I^V"!  of  the  vortices  for  the  two  sequences,  normalized 
by  Fecigc  —  “  5.5  x  10^  cm/sec. 


Figure  9.  Selection  of  vortex  crystal  patterns  obtained  from  initial  conditions  similar  to  those  of  Fig.  7. 

We  believe  this  cooling  and  cessation  of  relaxation  through  mergers  is  a  near-inviscid 
2D  fluid  effect,  i.e.  independent  of  the  details  of  the  fine-scale  dissipation.  However,  two 
essential  characteristics  of  this  system  are  the  non-zero  total  circulation  and  the  boundary  of 
the  vorticity  patch,  effects  which  may  not  be  present  in  other  systems.  It  appears  that  the 
vortex  cooling  occurs  due  to  an  interaction  between  the  individual  vortices  and  the  boundary 
of  the  background  vorticity  [33].  In  this  theory,  the  vortices  excite  surface  waves  on  the 
background,  and  these  waves  are  damped  by  direct  or  beat-wave  spatial  Landau  damping 
as  discussed  previously.  For  strong  interactions  and  short  wavelengths,  this  corresponds 
to  entrainment  and  mixing  of  low  vorticity  regions  from  the  edge  of  the  column.  Some 
of  the  experimental  images  suggest  this  latter  process,  which  has  also  been  observed  in 
preliminary  2D  vortex-in-cell  simulations.  A  similar  process  may  cause  negative  (relative) 
vorticity  “holes”  to  become  symmetrically  situated,  as  described  above. 

Figure  9  shows  a  selection  of  the  symmetric  crystal  patterns  which  have  been  observed. 
Apparently,  there  are  many  different  “meta-equilibria”  to  which  the  system  can  evolve  under 
near-inviscid  2D  dynamics.  Experimentally,  these  meta-equilibria  appear  to  last  “forever” 
(>  1  sec),  until  plasma  diffusive  or  viscous  effects  not  included  in  Eqs.  (1)  act  to  dissipate 
the  individual  vortices. 

6.  INTERACTION  OF  ISOLATED  VORTICES 

The  vortex  dynamics  underlying  the  turbulent  relaxation  can  also  be  studied  as  isolated 
processes.  Straightforward  manipulation  techniques  allow  us  to  form  an  initial  condition 
consisting  of  two  electron  columns  of  chosen  profile  and  placement.  Here,  we  consider  the 
particular  case  of  two  equal  columns  that  are  placed  symmetrically  on  either  side  of  the 
cylindrical  axis,  separated  by  a  distance  2D  [35]. 

The  evolution  of  the  two-vortex  state  depends  critically  on  the  separation  to  diameter 
ratio,  2Dl2Ry  ■  If  D/ Ry  =  1.5,  the  vortices  merge  within  one  orbit,  forming  filamentary  tails. 
If  the  same  vortices  are  initially  separated  by  D/Ry  =  1.6,  then  their  mutual  interaction  still 
results  in  filamentary  tail  formation,  but  the  vortices  orbit  around  each  other  for  about  100 
orbits  before  merging  at  the  center.  If  the  vortices  are  separated  by  D/Ry  =  1.8,  then  we 
observe  that  they  orbit  around  each  other  for  about  10^  orbits  before  merging  or  degrading. 

Figure  10  plots  the  time  to  merge,  r^erge,  versus  D/Ry  for  vortices  with  radii  ranging 
from  Ry  =  0.53  cm  to  1.02  cm.  It  is  particularly  striking  that  Tmerge  increases  by  4  orders  of 
magnitude  between  D/Ry  =  1.4  and  1.8.  It  is  also  striking  that  the  curves  for  different  Ry 
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Figure  10.  Measured  two-vortex  merger  time  as  a  function  of  separation  2D  normalized  to  vortex 
diameter  2Ev. 


overlay  one  another,  indicating  that  Ry  alone  determines  the  length  scale.  The  wall  radius 
Rw  does  not  enter  the  scaling,  because  wall  interactions  are  negligible  for  our  ranges  of  D. 

These  results  are  in  good  agreement  with  theory  and  computational  results  of  two- 
dimensional  ideal  fluids.  Moore  and  Saffman  [36]  used  an  approximate  analytical  model  for 
elliptical  patches  of  constant  vorticity  and  found  no  two- vortex  solutions  for  DjRy  <  1.43. 
Numerical  solution  of  an  equilibrium  equation  by  Saffman  and  Szeto  [37]  predicts  a  critical 
separation  of  DjRy  =  1.58.  Computer  simulations  by  Rossow  [38]  based  upon  collections 
of  36  point  vortices  give  a  critical  distance  of  D/Ry  =  1.7.  Extensive  computer  simulations 
by  Malendar,  Zabusky,  and  McWilliams  [39]  also  observed  merger  depending  critically  on 
separation  distance.  These  authors  have  also  developed  an  approximate  moment  model  of 
the  two-vortex  interaction. 

We  have  also  studied  the  dynamics  of  the  circular  equilibrium  orbits  of  two  vortices  too 
far  apart  to  merge  [24].  Here,  each  vortex  is  moving  in  the  flow  field  from  the  other  vortex 
and  from  the  image  charges  in  the  wall.  A  common  theory  assumption  has  been  that  the 
advection  can  be  well  described  by  treating  the  spatially  extended  vortices  as  (Hamiltonian) 
point  vortices  unless  they  are  close  enough  to  merge  [40].  This  is  often  called  “punctuated 
Hamiltonian  dynamics,”  i.e.  integrable  motion  punctuated  by  discrete  vortex  merger  events. 
However,  prior  experimental  studies  of  vortices  in  water  [41],  in  electrolyte  [42],  and  in 
superfluid  helium  [43]  have  typically  found  interactions  quite  different  from  that  predicted 
for  point  vortices,  apparently  because  of  viscous  and/or  boundary  effects.  Our  experiments 
demonstrate  the  validity  of  the  Hamiltonian  dynamics  approximation  in  most  regimes  we 
can  access. 

In  equilibrium,  each  vortex  orbits  around  the  center  of  the  cylinder  at  constant  radius. 
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We  find  that  some  of  these  equilibria  are  linearly  stable,  others  are  unstable  [24].  We  have 
measured  both  oscillations  about  stable  equilibria  and  exponential  divergence  from  unstable 
equilibria.  The  measured  equilibrium  positions,  orbit  frequencies  and  instability  rates  are 
well  predicted  by  treating  the  spatially-extended  vortices  as  if  they  were  point  vortices.  This 
point  vortex  stability  analysis  was  first  done  by  T.H.  Havelock  in  1931  [44]. 

We  find  that  departures  from  this  point  vortex  approximation  occur  only  when  vortices 
closer  than  1.6  times  their  diameter  merge,  or  when  the  vortices  scrape  the  cylindrical  wall 
and  circulation  (charge)  is  lost.  This  point  vortex  approximation  neglects  the  effects  of 
surface  wave  and  shape  distortions:  the  fields  outside  an  extended  vortex  are  the  same  as 
the  fields  outside  a  point  vortex  only  if  the  extended  vortex  is  circular.  Experimentally, 
we  observe  elongations  away  from  circularity  of  <  10%  in  general,  and  up  to  30%  for  ri  = 
r2  ~  0.23  (near  merger,  since  ~  .15).  These  time-varying  eccentricities  have  not,  however, 
been  observed  to  cause  experimentally  noticeable  departures  from  the  predictions  of  the  point 
vortex  model.  Thus,  it  is  a  non-trivial  result  to  find  that  the  overall  stability  of  this  obviously 
non-integrable  system  is  well  described  by  the  integrable  point-vortex  approximation.  This 
is  apparently  because  the  internal  degrees  of  freedom  associated  with  r  —  9  shape  distortions 
do  not  significantly  couple  to  the  center-of-mass  motion. 

Thus,  our  experiments  lend  support  to  the  turbulence  model  of  isolated  vortices  moving 
as  point  vortices  with  isolated  merger  events.  However,  some  vortex  dynamics  simulations 
suggest  more  complicated  merger  and  filamentation  events  [45],  and  give  different  scaling 
exponents  for  the  turbulent  decay. 
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Abstract 


The  azimuthal  space  charge  instability  of  the  crossed-field  electron  hub  has  been  proposed 
as  a  mechanism  to  generate  close  in  noise  or  modulations  in  crossed-field  devices.  Experimental 
observations  made  on  a  reentrant  format,  experimental  crossed-field  amplifier  with  distributed 
cathode  emission  show  discrete  frequency  oscillations  which  characterize  the  reentrant  space 
charge  behavior.  The  experimental  evidence  such  as  frequency  tuning  and  distributed  sole  back 
bombardment  associated  with  the  free-running  amplifier  identifies  an  established  azimuthal 
instability  which  is  similar  to  that  observed  in  a  magnetron  diode.  A  transitional  process  fi'om  the 
discrete  fi-equency  oscillations  to  a  continuous  type  noise  spectra  can  be  initiated  by  a  strong  RF 
drive  signal,  and  is  enhanced  by  a  larger  magnetic  field  value  or  an  increased  secondary  electron 
hub  density.  A  significant  degradation  of  the  system  signal-to-noise  ratio  associated  with  the 
transition  has  been  found  strongly  dependent  upon  the  sole  secondary  emission  process. 
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I. 


Introduction 


Many  advantageous  qualities  are  inherent  to  crossed-field  devices;  comparatively  low 
voltages,  high  efficiency  and  power  level  across  wide  bandwidth,  small  size  and  weight.  Recently 
however,  as  0-type  devices  (e.g.,  coupled  cavity  traveling  wave  tubes)  making  significant 
improvement  on  their  reliability  and  power  level,  the  role  of  crossed-field  devices  for  radar  system 
applications  is  now  being  seriously  challenged  due  to  the  relatively  high  noise  level  of  the  crossed- 
field  devices.  Recent  effort  aiming  at  producing  a  reliable  production  crossed-field  amplifier  with 
comparable  noise  performance  has  been  accomplished  with  only  limited  success.  Are  crossed- 
field  devices  intrinsically  noisy  or  are  there  regimes  of  quiescent  operation? 

In  magnetrons  and  crossed-field  amplifiers,  high  gain  and  low  noise  operation  are  a  result 
of  well  formed  spokes.  An  idealized  picture  of  the  space  charge  can  be  visualized  as  a  rotating 
wheel  composed  of  these  spokes,  having  a  consistent  spatial  envelop  and  a  consistent  phase 
relationship  with  respect  to  the  circuit  wave.  Each  individual  electron  in  the  wheel  maintains  strict 
synchronism  with  the  favorable  phase  of  the  wave  field  throughout  its  entire  life  span.  In  reality 
however,  deviation  from  this  idealized  space  charge  structure  is  by  no  means  small.  Various 
physical  processes  may  cause  displaced  spokes,  missing  or  extra  spokes,  envelop  modulation, 
phase  space  spread  or  deviation  of  other  forms,  all  of  which  may  result  in  noise.  For  instance, 
electrons  from  the  collapsed  spokes  in  the  drift  region  may  reenter  the  interaction  space  with  the 
unfavorable  phase;  electrons  accumulated  in  the  end-hat  region  due  to  the  field  non-uniformity 
along  the  axial  direction  may  oscillate.  In  addition,  being  a  function  of  material  characteristics, 
secondary  emission  may  not  provide  electrons,  consistently,  in  the  desired  phase  for  a  quiescent 
amplification.  The  unfavorably  phased  electrons,  together  with  the  recirculating  electrons,  would 
typically  form  a  high  density  electron  hub  around  the  sole  surface.  The  physical  behavior  of  the 
hub  would  have  deterministic  effect  on  the  quality  of  the  amplified  signal. 

Early  research  on  the  crossed-field  hub  were  made  on  magnetrons  with  smooth-bored 
anode  structure,  or  magnetron  diodes,  where  the  static  hub  behavior  was  studied  as  a  state  of 
magnetron  preoscillation  [3].  In  addition  to  exploring  the  fundamental  physical  concepts  such  as 
Hull  cutoff,  Brillouin  sheath  and  electron  back  bombardment,  experiments  were  aimed  at 
understanding  basic  magnetron  starting  mechanisms.  Evidence  shows  that  the  magnetron  field 
configuration  may  support  a  space  charge  cloud  oscillating  on  certain  discrete  frequencies  while 
being  capable  of  amplifying  over  a  wide  band. 

Good  understanding  of  the  true  space  charge  structure  has  not  been  achieved  due  largely 
to  the  fact  that  it  is  extremely  difficult  to  measure  current,  density  and  velocity  distributions  in  the 
electron  beam  of  a  magnetron  or  crossed-field  amplifier  of  practical  geometry.  Evidence  has 
confirmed  that,  similar  to  that  of  a  magnetron  diode  [4],  the  space  charge  in  a  reentrant  crossed- 
field  amplifier  has  the  intrinsic  character  to  establish  instability  as  well.  Recent  computer 
simulations  found  that  MASK  produced  noise  of  a  practical  amplifier  is  not  random  [7].  The 
spectrum  consists  of  a  summation  of  a  finite  number  of  uniformly  spaced  frequencies.  Previous 
Russian  work  [5],  [6]  on  turbulent  electron  current  of  a  magnetron  diode  also  found  the  existence 
of  coherent  structures  in  the  chaotic  space  charge.  Is  noise  actually  random?  This  paper  attempts 
to  address  the  noise  question  by  examining  the  effect  of  secondary  emission  and  the  contribution 
of  reentrant  space  charge  instabilities  to  noise  generation  in  crossed  field  devices. 


204 


11.  Experimental  Setup 


At  Northeastern  University,  tube  research  has  taken  up  a  combined  approach  of  in  situ 
plasma  diagnostics  and  computer  simulations  using  two  frequency  scaled  CFA’s  as  test  vehicles. 
Fig.  1  shows  a  schematic  of  our  reentrant  format  CFA.  A  detailed  description  and  system 
characterization  of  the  experimental  setup  can  be  found  in  [8], 


Fig.  1  Configuration  of  the  Northeastern  reentrant  format  CFA  with  in  situ  probe  installation 
along  the  interaction  space.  Top  view  (left),  and  side-view  (right.) 


The  design  of  the  circular  CFA  uses  parameters  such  that  diagnostic  probes  can  be  placed 
in  the  interaction  region  Avithout  disturbing  the  operation  of  the  device.  This  leads  to  a  physically 
large  system.  The  frequency  range  of  100  MHz  to  200  MHz  was  chosen  due  to  the  fact  that  the 
wavelength  is  much  larger  than  the  dimensions  of  the  diagnostic  probes.  This  allows  for  probe 
measurements  with  minimum  perturbation  of  the  electric  field  and  space  charge.  The  device  was 
originally  designed  as  an  injected  beam  system  in  which  the  cathode,  beam  optics,  and  electric  and 
magnetic  fields  are  designed  to  produce  a  relatively  smooth  beam.  We  have  recently  incorporated 
materials  which  will  provide  secondary  emission  from  the  sole  (cathode)  to  study  the  space  charge 
instabihties  associated  with  the  secondary  emission  from  the  sole  and  the  turbulent  electron  flow. 


III.  Observation  of  the  Azimuthal  Space  Charge  Instability 

A.  The  Azimuthal  Space  Charge  Wave 

A  physical  mechanism  of  the  instability  associated  with  a  static,  reentrant  crossed-field 
electron  flow  is  the  self-excitation  of  azimuthal  space  charge  waves.  The  wavelength  of  the 
eligible  oscillations  satisfies  K-'k^=  L,  where  L  is  the  azimuthal  length  of  the  cylindrical 
geometry,  and  K  is  the  mode  number.  This  relation  determines  the  frequency  of  the  possible 
oscillations  assuming  a  match  between  the  phase  velocity  and  azimuthal  component  of  the 
electron  velocity,  or  =  r  (d^/dt) .  As  the  electron  azimuthal  velocity 'varies  across  the  sole- 

anode  interaction  space,  the  resulting  oscillation  frequencies  also  vary,  i.e  oscillation  frequency 
depends  upon  the  position  of  the  hub  electrons  which  excite  the  wave.  Fig.  2  is  a  plot  of  the 
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fundamental  oscillation  frequency  as  a  function  of  the  applied  magnetic  field  (tuning)  based  on 
Brillouin  modeling.  This  frequency  increases  as  the  thickness  of  the  Brillouin  hub  increases. 


8  (Gauss)  /(MHz) 


Fig.  2  The  fundamental  oscillation  frequency  as  a  Fig.  3  The  spectrum  of  the  circuit  output  at  B  =  117 
function  of  the  applied  magnetic  field  and  Gauss, 

anode-sole  voltage  values. 

B.  Frequency  tuning 

The  variation  of  the  fundamental  oscillation  frequencies  (without  RF  drive  signal)  is 
measured  as  a  function  of  the  device  operating  conditions.  For  experimental  convenience,  we 
sweep  the  applied  magnetic  field  B  from  117  Gauss  to  141  Gauss  at  a  3 -Gauss  step  while  keep 
other  operating  parameters  constant  (sole  -  3  kV,  cathode  -  2.76  kV,  endhat  -3.9  kV,  injected 
current  15  mA).  Fig.  3  shows  an  example  of  circuit  output  spectrum  at  B  =  117.  We  use  h.fi 
and  to  represent  the  fundamental  frequency  for  the  lower  modes  and  the  higher  modes 
respectively.  The  change  of  the  oscillation  peak  positions  is  clearly  observed  as  B  field  varies. 
Fig.  4  compares  is.fi  ^  fu  that  predicted  by  MASK  code  and  Brillouin  modeling. 
From  Fig.  4  we  see  that  isfi  tends  to  decrease  as  the  applied  magnetic  field  increases.  In  other 
words,  the  spectrum  lines  tend  to  cluster  together.  At  high  magnetic  field  regime  for  the  practical 
devices,  tsfi  could  even  be  smaller  resulting  in  continuous  type  of  spectrum.  Indeed,  the 
secondary  hub  surface  will  be  further  suppressed  by  an  increased  magnetic  field,  resulting  in  a 
reduced  fundamental  frequency.  This  variation  can  be  seen  in  Fig.  4.,  although  the  measured 
fundamental  modes  are  approximately  3  MHz  below  that  predicted  based  on  the  laminar  flow  hub 
height. 
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B(Qauss) 


Fig.  4  A  comparison  with  the  Brilluoin 
modeling  result  and  MASK  result  on  the 
fundamental  frequencies. 


K  =  2«r/\ 

Fig.  5  Dispersion  relation  of  the  space  charge  wave.  The 
circuit  modes  are  obtained  from  experiment. 


C.  The  Space  Charge  Modes 

Since  the  Brillouin  hub  would  no  longer  be  a  valid  picture  of  the  space  charge  condition 
once  the  oscillation  field  has  built  up,  we  would  like  to  construct  a  new  one  based  on  the 
measured  data. 

Taking  for  example  the  case  of  Fig.  3,  B  =  1 17  Gauss,  we  can  plot  the  dispersion  relation 
for  both  the  low  and  high  instability  modes  as  in  Fig.  5.  Both  dispersions  are  linear.  With  a  phase 
velocity  of  approximately  IxlO’  m/s,  the  dispersion  for  the  lower  modes  overlaps  that  of  the  slow 
wave  circuit.  The  phase  velocity  of  the  high  modes  is  about  5  times  that  of  the  lower  modes. 
Assuming  that  electrons  start  from  the  cathode  at  zero  initial  velocity,  the  angular  velocity 


4  . 


(m.c.i) 


where  Vc  is  the  radius  of  the  sole.  Using  this  expression  for  the  azimuthal  drift  velocity  in  the 
circular  crossed-field  geometry,  we  then  obtain  a  linear  dependency  of  (Ok  to  — , 


Jd)  0), 
^  ^  ^  dt  2 


1_  — 

r 


(in.c.2) 


This  fi-equency  increases  as  the  thickness  of  the  Brillouin  hub,  r  =  rh.rc,  increases.  Therefore,  we 
can  say  that  the  high  modes  correspond  to  the  injected  beam,  and  the  lower  modes  correspond  to 
the  secondary  hub. 

Frequency  tuning  shows  that  when  the  magnetic  field  increases,  mode  frequencies  due  to 
the  primary  beam  satisfy  Sfjj  =  w  •  A^,  where  m  is  an  integer  and,  m  =  4,  5,  and  6  for  the 
magnetic  field  value  of  1 17,  126  and  138  Gauss,  respectively.  As  the  magnetic  field  increases. 
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there  are  more  low  modes  included  between  two  high  modes.  However,  we  have  not  observed  a 
group  of  high  modes  with  fundamental  frequencies  which  are  independent  to  that  of  the  lower 
modes.  This  can  be  interpreted  as  the  rotating  beam  electrons  attempting  to  satisfy  the  azimuthal 
space  charge  condition,  =  Z ,  as  an  entire  space-charge  body  regardless  of  their  primary  or 

secondary  origin.  In  consequence,  the  experimental  state  of  a  classical  Brillouin  sheath,  if  such  a 
state  exists  during  startup,  would  not  be  physically  observable  under  a  relatively  long  time  scale  of 
the  present  measurements.  The  time  scale  in  which  these  oscillations  may  establish  would  then 
have  to  be  resolved  in  time-dependent  measurements. 

Besides  the  fact  that  the  oscillation  frequencies  tune  with  the  applied  magnetic  field,  the 
possibility  that  the  observed  oscillations  might  correspond  to  any  possible  RF  circuit  mismatch  is 
further  excluded  when  repeated  observations  were  made  when  both  the  input  port  and  the  output 
port  of  the  RF  circuit  were  terminated  with  matched  load. 


IV.  Crossed-Field  Noise:  Secondary  Emission 
and  the  Effect  of  RF  Drive 


A.  The  Effect  of  RF  Drive 

At  low  RF  drive  level,  the  typical  effect  is  a  change  in  the  amplitude  of  the  oscillation 
lines.  The  amplitude  of  the  high  modes  (A/^ ~  50  MHz)  is  suppressed  by  about  10  dB;  while  the 
lower  modes  (A/*  -  8  MHz)  are  generally  promoted,  indicating  an  increase  of  sole  secondary 
emission.  The  low  modes  are  immediately  modulated  by  the  carrier  frequency,  forming  distinct 
side  band.  As  the  drive  power  increases,  lower  frequency  components  are  suppressed  and  new 
frequency  components  are  generated  closer  to  the  carrier.  Accompanied  with  the  high  drive,  sole 
secondary  emission  also  increases  significantly.  In  Fig.  6  which  shows  a  case  of  62  W  drive,  new 
fundamental  frequencies  (e.g.,  4  MHz)  between  the  8  MHz  low  modes  emerge  from  a  broad  band 
spectrum  sideband  from  80  MHz  to  140  MHz.  Further  increase  of  the  drive  level  has  a  tendency 
to  suppress  broad  band  oscillations,  and  to  generate  finer  structure  at  a  lower  magnitude  close  to 
the  carrier  frequency.  Fig.  7  shows  an  example  of  the  narrow  band  spectrum  at  200  W  drive.  An 
increased  noise  floor  is  clearly  seen  as  the  sole  secondary  emission  increases. 
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Fig.  6  RF  drive  effect  on  the  instability. 


Fig.  7  An  example  of  the  narrow  band  spectrum  under 
high  RF  drive,  200  W,  0  and  50  mA  sole  current 
respectively. 
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B.  The  Effect  of  Secondary  Emission  on  Close  In  Noise 

An  examination  of  the  narrow  band  spectrum  close  to  the  carrier  reveals  interesting 
variation  of  the  signal-to-noise  ratio  as  a  function  of  RP  drive  and  sole  secondaiy  emission 
current.  Here  the  noise  power  is  calculated  by  averaging  the  spectrum  power  density  across  a 
noise  band  defined  to  exclude  the  carrier  signal.  We  then  calculated  the  signal-to-noise  ratio 
(S/N)  using  this  averaged  value  as  the  decibel  value  below  the  peak  signal  per  unit  fi'equency 
(dBc/Hz).  Fig.  8  is  a  plot  of  the  S/N  of  the  circuit  output  as  a  function  of  the  net  sole  emission 
current  and  the  RF  drive  level.  The  range  of  the  calculated  S/N  is  comparable  with  that  of  a 
practical  emitting-sole  CFA.  We  see  that,  at  200  W  RF  drive,  S/N  degrades  by  more  than  10  dB 
as  the  sole  current  increases  from  zero  to  25  mA,  which  indicates  that  the  participation  of  a  small 
amount  of  secondary  electrons  can  introduce  a  large  amount  of  close-in  noise.  In  the  sole  current 
range  greater  than  25  mA,  the  S/N  deterioration  seems  to  stop.  Beyond  50  mA  sole  current,  data 
is  not  available  at  this  point  as  to  predict  whether  there  will  be  a  come  back  for  the  S/N. 


Fig.  8  Calculated  signal-to-noise  ratio  based  on  the  measured  spectrum  as  a 

hmction  of  RF  drive  level  and  sole  secondary  emission. 


The  200  W  drive  level  in  Fig.  8  is  approximately  where  the  reentrant  amplifier  system  has 
its  peak  gain.  Higher  RF  drive  would  result  in  a  decreased  gain  due  to  insufficient  DC  beam 
power.  At  100  W  and  300  W  drive  level,  the  amplifier  is  at  least  15  dB  noisier. 


V.  Conclusions 

In  conclusion,  we  have  proposed  the  azimuthal  space  charge  instability  as  a  close-in  noise 
mechanism.  We  found  experimental  evidence  which  correlates  these  instabilities  to  close-in  noise 
performance  at  different  levels  of  RF  drive  and  sole  secondary  emission. 

The  experimental  study  of  the  space  charge  instability  in  our  reentrant  format  amplifier 
shows  that,  similar  to  that  of  a  magnetron  diode,  the  space  charge  in  a  crossed-field  amplifier  can 
develop  instability  as  well.  The  instability  is  characterized  by  discrete  fi-equency  oscillations  based 
upon  parameter-dependent  fundamental  frequencies. 

We  further  studied  the  relationship  between  the  space  charge  instability  and  close  in  noise 
performance.  We  have  assumed  that  a  necessary  condition  to  develop  close  in  noise  is  the 
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simultaneous  presence  of  low  frequency  oscillations  with  the  carrier  signal.  Our  observation 
shows  that  a  transition  process  from  discrete  oscillation  frequencies  to  a  continuous  noise  spectra 
can  be  (a)  initiated  by  a  strong  RF  drive  signal,  (b)  enhanced  by  a  larger  magnetic  field  value,  (c) 
by  an  increased  secondary  hub  density,  and  (d),  by  space  charge  mode  intermodulation  or  a 
frequency  bifiarcation  mechanism. 

In  our  experiment,  contribution  to  the  space  charge  instability  comes  from  both  the 
primary  beam  and  the  secondary  electron  hub.  Secondary  electrons  kept  at  low  orbit  may 
generate  very  low  frequency  modulations  under  high  magnetic  field  regime.  As  a  result,  physical 
condition  close  to  the  sole  region  may  have  significant  influence  on  close-in  noise.  Our 
experimental  data  shows  a  general  trend  of  signal-to-noise  ratio  (S/N)  degradation  as  secondary 
electron  population  increases  in  the  hub.  In  this  sense,  our  finding  suggests  that  the  presence  of  a 
low  orbit  secondary  electron  hub  contribute  to  close  in  noise.  As  such,  the  future  of  the  cold 
cathode,  crossed-field  noise  research  may  take  two  directions.  One  is  to  control  this  space  charge 
layer,  through  approaches  such  as  controlling  the  phase  of  the  sole  emission  (for  example,  cathode 
driven);  while  the  other  is  obviously  to  reduce  or  avoid  secondary  emission.  This  latter  approach 
seems  to  indicate  a  return  to  hot  cathode  tubes. 
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Frequency  Twinning  in  Magnetrons 
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1.  Introduction 

Twinning  is  a  phenomenon  commonly  observed  m  magnetrons.  This  instability  causes  the 
magnetron,  under  certain  operating  conditions,  to  oscillate  at  two  frequencies  at  once.  This  is 
illustrated  by  figure  1  which  shows  an  example  of  the  frequency  spectrum  for  a  low  power 
X-band  magnetron  whilst  the  tube  is  twinning. 

The  frequency  jump,  typically  between  1  and  6MHz,  is  relatively  small  compared  to  that 
which  is  caused  by  the  better  known  phenomenon  of  moding.  With  a  gradual  increase  in 
anode  voltage  it  occurs  as  a  transition  from  one  twinning  mode  to  the  other,  one  eventually 
gaining  complete  dominance.  This  transition  quite  often  appears  to  the  operator  as  a 
frequency  jump.  Its  effect,  however,  can  also  be  observed  on  the  r.f  and  current  pulses,  as 
illustrated  by  figure  2. 

The  objective  of  the  investigation  into  twinning  was  to  further  the  understanding  of  this 
phenomenon  with  the  view  to  reducing  the  risk  of  its  occurrence. 

The  investigation  was  largely  experimental.  It  considered  the  effect,  on  twinning,  of  various 
operating  parameters  such  as  mismatch,  heater  voltage  and  magnetic  field.  It  also  involved 
the  design,  build  and  test  of  experimental  tubes. 

2.  Experimental  T ubes 

Each  experimental  tube  was  based  upon  a  standard  design  but  had  a  single  design  parameter 
modified;  most  involving  the  cathode.  The  results  from  these  studies  have  been  summarised 
and  tabulated  below. 
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Modifications 

Effect  on  tvrinning 

Etched  cathode 

Reduced  thermal  emission 
Higher  current  densities 

Twinning  worse  and 
induced  tripling 

Reduction  in  the  %  of 
Barium  in  the  cathode 
coating 

Change  in  ratio  of  thermal 
electrons  to  secondary 
electrons 

Twinning  at  higher  currents 
eliminated  from  the 
operating  region 

End  hat  design 

Increased  electric  field  in 
the  end  regions 

Increased  current  densities 

Twinning  not  improved 

Non-circular  cathode 

Introduced  asymmetry  to  the 
r.f  fields  and  emission.  May 
in  time  promote  twinning 

Little  affect  on  twinning. 
However,  increased  pushing 
and  bandwidth 

Table  1.  A  table  summarising  the  effect  of  various  cathode  parameters  on  terming 


3.  Mismatch 

A  variable  load  Avas  used  in  the  test  set  up  and  calibrated  to  give  a  known  VSWR  and  phase. 
The  voltage  was  set  so  that  the  tube  under  test  twinned.  For  a  set  VSWR  the  phase  of  the  load 
was  varied  and  the  operating  frequency  and  spectrum  shape  recorded.  With  a  VSWR  of 
greater  than  2.0  all  the  tubes  tested  had  a  frequency  jump  of  between  50  and  80MHz.  Some 
simple  calculations  were  able  to  verify  that  this  was  not  twinning  but  due  to  the  long  line 
effect. 

The  points  were  plotted  on  a  Smith  chart  as  shown  in  figure  3.  The  operating  points  at  which 
the  tube  twinned  have  been  circled.  The  chart  was  found  to  be  divided  into  two  areas.  In  one 
region  the  spectrum  was  well  defined  and  stable.  Whereas  in  the  sink  the  spectrum  was  poorly 
shaped  and  ragged.  Along  the  dividing  line  between  the  two  types  of  spectra  was  the  region  of 
twinning. 

Furthermore,  it  was  discovered  that  the  frequency  jump  of  the  twin  increased  on  one  side  of 
the  diagram  and  decreased  on  the  other.  In  other  words  positive  and  negative  susceptance  has 
a  converse  effect.  This  can  not  be  explained  by  considering  the  pulling  figure  alone. 
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4.  Magnetic  field 


The  permanent  magnets  on  the  low  power  X-band  magnetrons  were  removed  and  replaced  by 
a  calibrated  electromagnet.  The  magnetic  field  was  varied  by  500  Gauss  above  and  below  the 
normal  operating  value  of  4200  Gauss.  The  upper  and  lower  limits  were  constrained  by 
moding  and  spectral  break-up. 

The  pushing  curve  was  plotted  for  various  magnetic  fields.  An  example  of  the  effect  of 
magnetic  field  on  the  pushing  curve  is  shown  in  figure  5.  Each  tvnnmng  mode  is  represented 
by  a  different  marker,  so  that  a  change  in  marker  denotes  a  twin.  This  particular  tube  twins 
twice  once  at  a  low  current  around  0.5 A  and  at  a  higher  current  of  1.5A.  The  low  current  twin 
is  more  ragged  and  continues  over  a  larger  voltage  range.  Notice  also  that  it  is  not  affected  by 
magnetic  field  to  the  same  extent  as  the  higher  current  twin. 

The  higher  current  twin  is  moved  to  a  lower  current  outside  the  normal  operating  region  with 
increased  magnetic  field.  In  Q-band  tubes  the  contrary  is  true.  Twinning  is  moved  to  a  lower 
current  with  reduced  magnetic  field. 

5.  Summary 

The  investigation  has  revealed  the  existence  of  more  than  one  type  of  twinning.  One  type 
occurs  at  lower  currents,  which  in  the  low  power  X-band  tubes  is  normally  just  outside  the 
operating  region,  and  is  probably  the  result  of  steep  pushing  gradients.  The  second  type  is 
sensitive  to  magnetic  field  and  r.f.  loading.  It  would  seem,  therefore,  that  there  is  more  than 
one  mechanism  causing  the  phenomenon. 

There  is  evidence  to  suggest  the  cathode  properties  determine  whether  a  tube  will  twin.  The 
extent  to  which  that  tube  will  twin  would  seem  to  be  largely  determined  by  operating 
conditions  such  as  magnetic  field,  modulator  impedance  and  symmetry. 

6.  Further  work 

Work  is  continuing  concerning  magnetic  field  strength  and  shape.  The  effects  of  end  hat 
geometry  and  pole  piece  design  is  being  investigated  further  by  computer  modelling  using 
OPERA-2d. 
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REF  3.543  mV  ATTEN  10  dB 


CENTER  9.40290  GHz  SPAN  15.00  MHz 

#RES  BW  30  kHz  VBW  30  kHz  SWP  50  msec 


Figure  1.  The  spectrum  of  a  low  power  X-band  magnetron  whilst  it  is  twinning. 
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Figure  2.  An  example  of  the  effect  of  twinning  on  the  r.f  (top  trace)  and  current  pulses 


Figure  3.  A  Smith  chart  showing  the  regions  in  which  the  tube  is  twinning.  The  twinning 
points  have  been  circled  and  labelled  with  the  subsequent  frequency  jump. 
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ABSTRACT 

DECFA  is  a  moving  wavelength  computer  code  for  modeling  crossed  field  amplifiers 
(CFAs).  It  models  the  interaction  between  a  single  traveling  wave  and  the  space  charge  in 
crossed  electric  and  magnetic  fields.  Although  many  assumptions  are  involved  in  thus 
simplifying  the  CFA  model,  the  code  results  correlate  well  with  experimental  data,  through 
its  diagnostics,  the  code  provides  a  means  of  studying  details  of  the  interaction  such  as  the 
space  charge  distribution,  electron  trajectories,  and  cathode  bombardment  conditions.  The 
emission  conditions  used  in  the  simulations  are  found  to  have  a  major  effect  on  fluctuations 
of  the  solution.  These  results  may  contribute  to  the  understanding  of  noise  mechanisms  in 
crossed  field  interaction. 

Introduction 

DECFA  is  a  moving  wavelength  simulation  code  for  modeling  CFA  performance.  It  is  based  on 
the  effort  of  Yu,  Kooyers  and  Buneman  in  1965[1].  The  present  version  of  DECFA  was  prepared 
by  CPI  (formerly  Varian)  between  1975  and  1980  under  contract  to  the  Naval  Ocean  Systems 
Center,  San  Diego,  CA.  The  model  has  since  been  updated,  first  as  part  of  the  Navy’s  ongoing 
low  noise  effort  sponsored  by  the  Naval  Surface  Warfare  Center,  Crane  Division  and  subsequently 
under  CPI  support.  Only  with  the  advent  of  fast  computer  work  stations  in  the  1990’s  has  it 
become  economical  to  conduct  extended  simulation  using  a  code  of  this  nature.  DECFA  is  now 
considered  an  intermediate  level  code.  The  more  advanced  MASK  code[2]  eliminates  the 
restriction  to  a  single  riKJving  wavelength,  which  is  the  basis  of  DECFA.  DECFA,  however, 
executes  faster  than  MASK  and  has  been  found  to  yield  useful  simulations  of  CFA  performance. 
We  envision  DECFA  as  being  used  to  evaluate  a  series  of  preliminary  CFA  designs  with  the  more 
detailed  MASK  code  being  used  to  study  the  best  of  these  designs  on  more  detail. 

A  summary  of  some  of  the  DECFA  results  was  presented  at  the  1994  Microwave  Power  Tube 
Conference[3].  Since  that  time,  the  emission  algorithm  has  been  modified  to  place  a  limit  on  the 
emitted  current.  The  maximum  emitted  current  has  been  made  dependent  on  the  amount  of  charge 
directly  above  the  cathode.  The  correlation  of  the  model  results  with  the  performance  of  existing 
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CFAs  has  been  little  affected,  but  the  revisions  have  modified  the  nature  of  internal  fluctuations  of 
the  naodel.  In  particular,  the  imposition  of  the  current  limit  has  led  to  the  appearance  of  low 
fluctuation  states  at  high  emission  levels.  This  paper  will  describe  results  obtained  with  this  latest 
version  of  the  DECFA  model  as  applied  to  a  CFA  known  as  the  SFD-266  [4]  which  is  currently 
under  development  and  is  intended  for  use  in  applications  requiring  reduced  noise. 

Description  of  the  DECFA  Model 

DECFA  simulates  a  single  if  wavelength  of  the  crossed-field  interaction  as  shown  in  Figure  1.  The 
wavelength  is  advanced  along  the  CFA  circuit  in  small  time  steps — typically,  l/60th  of  a  cyclotron 
period.  From  1500  to  4000  time  steps  per  transit  of  the  wave  around  the  CFA  have  been  used  in 
the  computations  discussed  in  this  paper.  The  interaction  wavelength  is  divided  into  an  array  of 
96  cells  in  the  direction  of  propagation  and  48  cells  in  the  radical  direction.  A  quasi-static 
approach  is  used  in  which  a  particle-in-cell  Poison  solution  is  executed  during  each  time  step. 
Because  the  circuit  wave  velocity  is  less  than  1/5  of  light  velocity,  there  is  little  error  in  using  the 
quasi-static  solutions  in  place  of  electromagnetic  solutions.  Considerable  computation  time  is 
saved  by  employing  this  approach.  Periodic  boundary  conditions  are  applied  to  the  left  and  right 
boundaries  of  the  wavelength  in  Figure  1.  The  rf  wave  amplitude  is  assumed  uniform  in  the 
direction  of  propagation  during  a  single  time  step  but  grows  in  amplitude  from  time  step  to  time 
step.  Particles  crossing  a  side  boundary  are  reintroduced  at  the  opposite  side  boundary.  The 
single  wavelength  and  periodic  boundary  condition  assumptions  prevent  DECFA  from  including 
the  effects  of  waves  in  the  space  charge  having  a  different  wavelength  than  that  of  the  circuit 
wave.  The  DECFA  model  is  two  dimensional  and  thereby  employs  rods  of  charge  as 
macroparticles.  From  10,000  to  30,000  rods  carrying  variable  amounts  of  charge  arc  typically 
employed  per  wavelength.  The  anode  circuit  is  represented  by  a  single  space  harmonic  of  a 


Figure  1.  The  Interaction  Wavelength  Followed  Through  the  CFA  by  DECFA.  The  center 
of  the  favorable  phase  remains  in  the  center  of  the  box.  The  phase  shift  of  the  wave  is 
represented  by  shifting  the  particles  relative  to  the  wave. 
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traveling  wave  on  a  smooth  anode  surface.  The  details  of  the  collection  of  particles  on  the  actual 
CFA  vanes  is  thus  not  included.  The  circuit  is  described  by  four  parameters:  frequencty,  phase 
shift  per  circuit  period,  interaction  impedance,  and  circuit  attenuation.  Any  difference  between 
group  and  phase  velocity  of  the  wave  is  not  included  in  the  model.  The  model  thus  examines  the 
interaction  between  a  traveling  wave  and  the  space  charge.  The  DECFA  simulation  is  in  linear 
format  with  only  a  simple  correction  to  the  noagnetic  field  used  to  account  for  curvature.  The 
CFAs  smdied  using  DECFA  has  large  numbers  of  vanes  (60)  and  relatively  small  curvature  so  the 
use  of  the  linear  model  is  not  believed  to  introduce  significant  error. 

On  each  time  step  of  the  simulation,  DECFA  solves  Poisson’s  equation  for  the  potentials  in  the 
moving  reference  frame.  The  rods  are  then  advanced  in  position  and  the  current  induced  into  the 
anode  wave  as  a  result  of  their  motion  is  computed.  The  lime  step  is  chosen  small  enough  so  that 
the  rods  move  no  more  than  one  cell  in  one  time  step.  Induced  current  components  in-phase  and 
in  quadrature  with  the  circuit  wave  are  separately  computed  and  added  to  the  circuit  wave  to 
increment  its  amplitude  and  shift  its  phase.  If  rods  strike  the  anode  or  cathode,  the  resulting 
dissipation  is  computed.  For  rods  striking  the  cathode,  the  secondary  emission  charge  is 
computed  using  the  incident  energy  and  a  table  of  secondary  yield  as  a  function  of  energy.  At 
present  normal  incidence  is  assumed.  The  computed  trajectories  arrive  within  about  ±  10  degrees 
of  normal  incidence  so  this  assumption  is  not  tmreasonable.  The  secondary  charge  is  accumulated 
during  each  time  step  for  each  of  96  cells  along  the  cathode.  On  the  subsequent  time  step  any 
thermionic  emission  charge  is  added  to  the  accumulated  secondary  emission  charge  and  one  rod 
per  cell  along  the  cathode  is  emitted  with  the  accumulated  charge  for  the  cell.  The  charge  of  the 
emitted  rods  thus  varies  from  cell  to  cell.  In  the  moving  reference  fiame,  the  one  time  step  delay 
in  emission  does  not  result  in  phase  slippage  between  the  wave  and  the  emission  point.  The 
amount  of  charge  emitted  is  now  subjected  to  a  limiting  procedure  suggested  to  us  by  A.  Drobot 
of  SAIC.  From  Gauss’  law  and  the  potentials  on  the  first  row  of  the  potential  array  above  the 
cathode,  we  calculate  the  amount  of  charge  in  each  of  the  cells  of  the  first  row  required  to  drive 
the  field  at  the  cathode  to  zero.  The  emission  is  then  limited  so  that  the  total  charge  in  each  ceU, 
both  that  originally  present  and  that  newly  emitted,  does  not  exceed  this  value.  The  charge  is 
emitted  with  an  initial  velocity  perpendicular  to  the  cathode  corresponding  to  about  5  volts  energy 
-  approximately  the  correct  value  for  the  secondaries  but  obviously  wrong  for  the  thermionic 
charge.  Tests  have,  however,  shown  the  model  results  to  be  insensitive  to  the  initial  velocity. 

To  simulate  a  reentrant  CFA,  DECFA  uses  the  procedure  shown  in  Figure  2.  A  small  amount  of 
charge  is  used  to  initiate  the  first  pass  of  the  interaction  wavelength  through  the  CFA.  Charge  is 
allowed  to  build  up  as  a  result  of  secondary  emission  multiplication  during  this  first  pass.  The 
charge  rod  file  existing  at  the  end  of  a  first  pass  is  fed  back  to  the  input  to  initiate  a  second  pass 
calculation.  This  procedure  is  repeated  for  15  to  25  passes.  After  the  second  pass,  smoothing  is 
initiated  by  selecting  rods  from  up  to  four  prior  passes  to  make  up  the  rod  file  for  a  subsequent 
pass.  The  final  results  of  the  simulation  are  obtained  by  disregarding  the  initial  three  passes  and 
averaging  the  results  of  the  remaining  passes. 
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Cathode  voltage 

12.5 

KV 

Cathode  current 

22.1 

Arqjs 

Magnetic  field 

1560 

Gauss 

Circuit  Synchronous  Voltage 

Vo 

2.22 

KV 

Characteristic  Magnetic  Field 

Bo 

446 

Gauss 

Characteristic  Current 

lo 

38.0 

Anps 

Cathode  Voltage/Synchrionous  Voltage 

5.63 

Cathode  Current/Characteristic  Current 

0.58 

Circuit  Length  -  Slow  Wave  Wavelengths 

18.5 

R.F.  Interaction  Impedance 

31.0 

Ohms 

Vane  Tip  Gap/Pitch  Ratio 

0.64 

Table  1.  Parameters  of  the  Midband  Simulation 
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Figure  3.  Results  of  DECFA  Simulation  of  the  SFD-266  at  Three  Frequencies. 
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Figure  2.  Proceeduie  for  Simulating  a  Reentrant  CFA. 


Application  of  DECFA  to  the  SFD-266  CFA 

The  SFD-266  CFA  is  an  outgrowth  of  the  earlier  SFD-262  CFA  which  is  currently  employed  in 
an  S-band  radar.  The  correlation  of  DECFA  results  with  the  SFD-262  performance  was  described 
in  the  earlier  paper[3].  It  was  shown  that  the  code  results  agree  with  the  experimental 
performance  within  about  10%  and  properly  describe  the  effect  of  pushing  the  cathode  off-center 
as  is  done  in  the  actual  CFA.  The  SFD-266  represents  an  attempt  to  develop  a  CFA  with  reduced 
noise.  The  same  type  of  helix  coupled  anode  circuit  is  employed  but  the  normalized  parameters  of 
the  interaction  space  are  changed  to  increase  the  strength  of  the  rf  circuit  fields  and  reduce  the 
space  charge  density.  The  resulting  design  operates  at  about  one-half  the  magnetic  field  of  the 
prior  SFD-262.  The  ratio  of  the  operating  magnetic  field  to  the  cyclotron  resonance  magnetic 
field  in  the  SFD-266  is  slightly  over  one.  The  axial  height  of  the  interaction  is  increased  in  the 
SFD-266  so  the  power  generation  capability  of  the  SFD-262  is  retained.  The  SFD-266  employs 
62  circuit  periods  wrapped  around  310  degrees  of  the  circumference  of  the  anode.  The  remainder 
of  the  an^e  circumference  is  a  drift  region  in  which  charge  recirculates  from  output  to  input 
becoming  at  least  partially  debunched  in  the  process.  As  is  the  case  with  the  SFD-262  CFA,  the 
SFD-266  cathode  is  a  cold  beryllium  secondary  emitter.  Table  1  summarizes  the  principle  design 
parameters  of  the  SFD-266  at  midband. 

Figure  3  summarizes  the  results  of  DHTA  simulations  of  the  SFD-266.  Results  are  presented  as  a 
function  of  peak  current  The  top  left  graph  shows  the  computed  V-I  curves  at  three  frequencies 
covering  the  operating  firequency  range.  (FI  is  the  lower  limit,  F3  is  midband  and  F5  is  the  upper 
limit).  The  lower  left  graph  shows  the  departure  of  the  phase  of  the  output  signal  from  the  phase 
when  the  CFA  is  turned  off  and  the  signal  transmitted  through  it  The  CFA  has  about  1  dB  loss  in 
this  feedthrough  mode.  The  change  in  phase  is  the  consequence  of  the  rf  interaction  and 
represents  only  a  few  percent  of  the  rf  phase  length  of  the  circuit  The  slope  of  these  curves  is  the 
phase  pushing  as  a  function  of  current  A  positive  phase  shift  means  the  phase  length  of  the  CFA 
has  been  increased  by  the  interaction.  The  right  hand  graphs  in  Figure  3  show  the  power  and 
efficiency  as  a  function  of  current 
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Figure  4  shows  typical  V-I  curves  measured  on  the  SFD-266.  The  F3  and  F5  V-I  curves  were 
essentially  identical.  A  comparison  of  Figures  3  and  4  shows  the  experimental  and  computed  V-I 
curves  to  have  about  the  same  slope  and  separation.  To  obtain  the  desired  location  of  the 
computed  curves  along  the  voltage  axis,  we  used  a  procedure  similar  to  that  used  on  experimental 
CFAs.  We  adjusted  the  magnetic  field  to  yield  the  desired  current  at  the  desired  voltage  at 
fi^quency  FI  and  used  this  field  for  all  the  subsequent  computations.  Hus  procedure  left  us  with  a 
discrepancy  in  magnetic  field  -  1560  Gauss  for  the  computations  compared  to  about  1400  Gauss 
for  the  experimental  CFA.  Much  of  this  discrepancy  is  the  result  of  the  smooth  anode  assumption 
used  in  DECFA.  The  gap  between  the  vanes  of  the  actual  CFA  lowers  the  average  dc  field  in  the 
interaction  space  below  that  calculated  for  smooth  continuous  electrodes.  From  a  study  of 
trajectories  using  a  trajectory  tracing  code  capable  of  including  the  actual  vane  geometry,  we  find 
an  E/B  drift  velocity  in  the  middle  of  the  interaction  space  about  8%  lower  than  that  obtained 
from  the  voltage  and  the  anode-cathode  spacing.  This  effect  explains  most  of  the  discrepancy 
between  the  experimental  magnetic  field  and  that  required  by  DECFA. 

The  available  data  on  the  SFD-266  yields  the  power  ordy  at  the  operating  current  of  22  peak 
amperes.  A  comparison  of  the  DECFA  and  experimental  results  at  a  single  current  can  be  made 
by  comparing  efficiencies  at  the  three  operating  frequencies.  Figure  5  shows  such  a  comparison. 
The  computed  and  measured  efficiencies  are  in  close  agreement  at  FI  and  F3,  but  the  computed 
values  are  too  high  at  F5  -  the  top  of  the  operating  band.  Again  the  probable  cause  of  the 
discrepancy  is  the  smooth  anode  assumption  made  by  DECFA.  The  final  interaction  as  the 
electrons  approach  and  sometimes  penetrate  between  vanes  can  be  complex.  Figure  6  shows  the 
results  of  tracing  trajectories  in  the  actual  vane  system  of  the  SFD-262  as  they  approach  the 
vanes.  The  electrons  continue  to  yield  energy  to  the  if  wave  as  they  penetrate  between  vanes. 
Secondaries  are  generated  at  the  vane  face  and  extract  energy  fi:om  the  wave.  These  effects  are 
normally  small  relative  to  the  total  energy  exchange  and  tend  to  cancel.  This  is  not,  however 
always  the  case.  An  experiment  with  an  SFD-262  variant  having  T  shaped  tips  with  a  narrow  gap 
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Figure  4.  Experimental  V-I  curve  for 
the  SFD-266. 
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Figure  5.  Comparison  of  computed 
and  measured  efficiencies. 
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Figure  6.  Example  of  Trajectories  Between  the  Vanes  of  the  SFD-262.  At  the  middle  of 
the  sixth  vane,  the  trajectories  are  set  back  by  four  periods  and  restarted.  A  space  charge 
sheath  is  included  beneath  the  dotted  line  between  cathode  and  anode.  Secondary 
electrons  are  generated  at  the  vane  face,  make  a  single  loop  and  strike  the  vane  in  a 
retarding  phase  of  the  rf  wave  in  which  no  further  secondaries  may  be  generated. 


between  them  showed  this  effect  dramatically.  Experimentally  the  efficiency  was  substantially 
reduced  compared  to  the  standard  SFD-262.  The  trajectory  tracing  code  showed  that  the 
electrons  were  stopped  in  the  narrow  gap  and  accelerated  by  the  wave  back  to  the  upstream  vane. 
This  resulted  in  reduced  efficiency.  The  more  detailed  MASK  simulation  is  needed  to  study  such 
effects  of  the  vane  tip  geometry. 

DECFA  Description  of  CFA  Interaction 

DECFA  can  be  used  to  provide  a  detailed  description  of  the  interaction  in  the  CFA.  Such  results 
will  be  presented  on  the  SFD-266  CFA  for  a  single  operating  point  at  midband  and  at 
approximately  the  nominal  peak  current.  Figure  7-9  shows  computed  quantities  as  a  function  of 
distance  from  input  to  output.  These  results  are  averaged  over  the  last  22  passes  of  a  25  pass 
computation.  Figure  7  shows  the  power  on  the  circuit  and  the  departure  of  the  phase  of  the 
circuit  wave  j&om  the  cold  circuit  value.  At  the  input  of  the  CFA,  there  is  a  region  in  which  the 
space  charge  becomes  bunched.  Beyond  this  initial  region  power  grows  approximately  linearly  as 
a  function  of  distance.  The  phase  departure  from  the  cold  circuit  value  grows  linearly  with 
distance  throughout  the  CFA.  Figure  8  shows  the  dissipation  resulting  from  electron  interception 
on  the  anode  and  cathode.  The  third  component  of  dissipation  -  the  anode  circuit  loss  will  be 
proportional  to  the  power  on  the  circuit  shown  in  Figure  7.  From  Figure  8  we  see  that  the  anode 
electron  dissipation  is  relatively  uniform  along  the  final  2/3  of  the  circuit  length.  The  rate  of 
current  interception  is  similarly  uniform.  The  cathode  dissipation  is  also  uniform  and  continues 
into  the  drift  space.  The  input  and  output  power  and  the  dissipations  are  given  as  a  percent  of  the 
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Figure  7.  Average  Results  for  22  Passes  of  a  Midband  Simulation.  Power  and  Phase 
Departure  from  the  Cold  Phase  as  a  Function  of  Distance. 
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Figure  8.  Average  Results  for  22  Passes  of  a  Midband  Simulation.  Anode  and  Cathode 
Dissipation  Density  as  a  Fimction  of  Distance. 


peak  d.c.  input  power  (peak  cathode  voltage  x  peak  cathode  current)  in  Table  2.  The  sum  of  the 
output  power  and  the  three  components  of  dissipation  should  equal  the  sum  of  the  d.c.  input 
power  and  the  r.f.  input  power.  The  energy  balance  error  of  the  simulation  is  about  1%  of  the  d.c. 
input  power. 

Figure  9  shows  four  quantities  which  provide  further  detail  concerning  the  simulation.  The 
quantity  labeled  “angle”  shows  the  phase  angle  of  the  current  induced  in  the  anode  circuit  as  a 
consequence  of  the  electron  motions  relative  to  that  of  the  anode  circuit  wave.  This  angle  is  a 
measure  of  the  effective  bunch  location  relative  to  the  rf  wave.  A  positive  angle  corresironds  to  a 
bunch  lagging  the  center  of  the  favorable  phase  in  the  rf  wavelength.  This  leads  to  an  increase  of 
the  phase  length  of  the  CFA  -  a  positive  shift  in  the  output  phase.  The  bunch  tends  to  move 


Peak  Output  Power 

55.1 

% 

Anode  Dissipation  (interception) 

27.6 

% 

Cathode  Dissipation 

9.9 

% 

Circuit  R.F.  Loss 

9.9 

% 

102.5 

% 

D.C.  Input  (voltage  x  current) 

100.0 

% 

R.F.  Input 

3.6 

% 

103.6 

% 

Table  2.  Powers  and  Dissipations  as  a  Percentage  of  the  D.C. 
Input  Power  for  the  Midband  Simulation. 


forward  and  the  induced  ciuxent  angle  tends  to  decrease  as  the  cathode  voltage  is  increased.  In 
the  SFD-266  simulations  the  induced  current  angle  always  remains  positive  (lagging  bunch).  This 
contrasts  to  the  situation  in  the  more  conventional  SFD-262  design  in  which  the  angle  changes 
from  positive  at  the  low  end  of  the  band,  to  zero  at  midband  and  to  negative  Grading  bunch)  at 
the  high  frequency  end  of  the  band.  The  changes  in  bunch  position  and  the  corresponding 
changes  in  the  angle  of  the  induced  current  are  responsible  for  the  change  of  output  phase  as  a 
function  of  cathode  voltage  and  fiequency  which  were  shown  in  Figure  7.  In  the  SFD-262 
simulations  we  encountered  a  maximum  current  boundary  at  the  high  end  of  the  band  when  the 
bunch  had  moved  forward  to  the  point  where  the  induced  cxurent  angle  had  reached  about  -50 
degrees.  At  this  point  the  bunch  for  some  of  the  passes  of  the  interaction  wavelength  around  the 
CFA  began  to  fall  forward  Out  of  the  favorable  phase.  The  SFD-266  simulation  shows  that  the 
design  is  far  from  such  a  maximum  current  boundary. 

The  charge  diagnostic  in  Figure  9  shows  the  total  charge  in  the  interaction  wavelength  normalized 
to  10, (XX)  units  to  fill  the  complete  wavelength  to  the  Brillouin  density.  An  ideal  Biillouin  sheath 
for  this  case  should  contain  about  2850  charge  units.  The  bombardment  energy  diagnostic  shows 
the  average  energy  of  the  electrons  incident  on  the  cathode  during  each  time  step  of  the 
simulation.  It  is  notable  that  this  energy  is  roughly  constant  as  a  function  of  distance  even  though 
the  anode  wave  rf  fields  are  increasing  by  a  factor  of  3.9  (15  times  increase  in  power).  Much  of 
the  energy  for  the  cathode  bombardment  appears  to  come  from  energy  exchange  within  the  space 
charge.  Certainly  this  is  the  case  in  the  drift  space  where  the  anode  wave  is  not  present.  The 
cathode  field  diagnostic  shows  the  field  at  the  cathode  averaged  over  the  length  of  the  interaction 
wavelength  and  normalized  to  the  space  charge  free  field.  (The  quantity  plotted  is  actually  the 
potential  on  the  first  row  of  the  potential  array  divided  by  the  cell  width  and  is  thus  slightly  larger 
than  the  true  field  at  the  cathode.)  In  a  truly  space  charge  limited  case  the  cathode  field  reported 
by  the  simulation  should  be  closer  to  zero  than  it  is  in  this  simulation.  The  simulation  appears  to 
be  slightly  charge  depleted. 
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Figure  9.  Average  Results  for  22  Passes  of  a  Midband  Simulation.  Phase  Angle  of  the 
Induced  Current,  Normalized  Charge  Per  Wavelength,  Cathode  Bombardment  Energy 
Per  Electron,  and  Laboratory  Frame  Field  at  the  Cathode  as  a  Function  of  Distance. 


The  bombardment  energy,  charge  per  wavelength  and  field  at  the  cathode  respond  together  to  the 
emission  level  of  the  cathode.  The  conditions  in  Figirres  9  are  obtained  when  the  cathode  is 
capable  of  supplying  nearly  all  the  charge  the  system  can  accept  before  driving  the  cathode  field  to 
zero.  Additional  emission  has  litde  effect  on  these  quantities.  Under  these  conditions  the 
simulation  shows  the  emitted  current  fix)m  the  cathode  to  be  about  four  times  the  anode  current. 
Three  quarters  of  this  current  returns  to  the  cathode.  When  the  emission  level  is  not  enough  to 
maintain  the  mayimnm  charge,  the  charge  per  wavelength  drops,  and  the  field  at  the  cathode  and 
the  cathode  bombardment  energy  increase.  The  increase  in  cathode  bombardment  energy  is  the 
consequence  of  the  change  in  trajectory  shapes  as  the  space  charge  is  depleted.  In  the  absence  of 
space  charge,  the  trajectories  are  cycloids.  In  the  presence  of  the  maximum  space  charge,  the  dc 
field  in  the  sheath  is  reduced  and  the  maximum  radial  extent  of  the  trajectories  is  reduced  to  about 
half  that  of  a  space  charge  free  cycloid.  [5  ].  Depleting  the  sheath  space  charge  thus  increases  the 
radial  extent  of  the  trajectories  allowing  them  to  interact  more  strongly  with  the  anode  wave  and 
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gain  additional  energy  from  it.  A  beginning  of  charge  depletion  at  the  output  in  these  diagnostics 
is  usually  the  first  indication  of  cathode  emission  becoming  marginal. 


The  diagnostics  in  Figures  7-9  were  averages  over  22  passes  of  the  interaction  wavelength  around 
the  CFA.  We  next  consider  diagnostics  which  apply  to  only  a  single  pass  or  are  “snapshots”  of 
the  interaction  at  a  single  instant.  Figure  10  shows  charge  profile  plots  for  three  successive 
spokes  near  the  input  and  near  the  output  of  the  CFA.  These  plots  are  generated  at  one 
wavelength  intervals  as  the  interaction  wavelength  passes  through  the  CFA.  The  plots  for 
successive  wavelengths  can  then  be  joined  to  make  an  approximate  representation  of  successive 
spokes.  The  spokes  are  relatively  broad  at  the  input  and  condense  into  the  familiar  spokes  in  the 
output  region  of  the  CFA.  In  the  SFD-262  simulations,  the  charge  bunches  were  even  broader  at 
the  input  and  there  was  internal  rotation  of  the  charge  within  the  bunch  under  the  influence  of  the 
radial  space  charge  forces.  The  higher  if  fields  and  reduced  space  charge  of  the  SFD-266  appear 
to  have  largely  eliminated  this  internal  rotation.  The  charge  profiles  illustrate  two  additional 
features  which  relate  to  the  internal  fluctuations  of  the  simulations.  One  is  the  voids  in  the  space 
charge  above  the  cathode  surface.  The  other  is  the  “rolls”  between  spokes  which  form  and  move 
into  the  base  of  the  spokes.  Both  of  these  features  drift  backwards  in  the  moving  reference  frame 
and  thus  travel  at  less  than  the  wave  velocity  in  the  laboratory  frame.  Their  velocity  appears  to 
correspond  roughly  to  the  average  velocity  of  the  sheath  electrons  which  is  in  turn  about  70%  of 
the  r.f.  wave  velocity. 


Figure  10.  Examples  of  the  Charge  Distribution  in  Three  Successive  “Spokes”  at  the 
Input  (top)  and  the  Output  (bottom).  The  voids  at  the  cathode  and  the  “rolls”  between 
spokes  drift  to  the  left  in  the  moving  reference  frame.  The  spokes  are  stationary  in  this 
fiiame. 


Figure  1 1  shows  two  moving  reference  frame  equipotential  plots.  The  dc  potential  required  to 
make  the  electron  E/B  drift  velocity  equal  to  the  circuit  wave  velocity  has  been  removed  from 
these  plots.  This  leaves  a  small  residual  d.c.  field,  the  r.f.  fields  and  the  space  charge  fields.  The 
guiding  center  of  electron  trajectories  moves  along  equipotential  lines  in  the  nMving  reference 
frame.  (The  guiding  center  motion  is  perpendicular  to  the  electric  field  and  thus  parallel  to  the 
equipotential.)  Arrows  in  the  equipotential  plots  show  the  direction  of  electron  circulation  in  the 
moving  reference  frame.  These  plots  were  made  at  the  location  of  the  center  spoke  of  each  of  the 
two  sets  in  Figure  10.  These  plots  are  useful  in  visualizing  the  electron  nrotion  in  the  moving 
frame.  The  plots  show  that  electrons  will  move  backwards  in  the  moving  frame  until  they  reach  a 
region  on  the  left  of  the  plots  at  the  base  of  the  spoke.  Hie  equipotentials  have  a  minimum  in  this 
region  (zero  moving  frame  field)  so  space  charge  in  this  region  beconws  synchronous  with  the 
circuit  wave.  This  is  a  branching  region  where  trajectories  are  either  drawn  into  the  spokes  or 
continue  to  drift  backwards  into  the  next  wavelength  to  the  left.  A  sequence  of  these 
equipotential  plots  shows  the  location  and  shape  of  these  equipotential  plots  to  fluctuate  as  the 
wavelength  moves  through  the  CFA. 

Typical  segments  of  electron  trajectories  are  shown  in  Figure  12.  Timing  dots  separated  by 
1/lOth  of  a  cyclotron  period  are  superimposed  on  these  trajectories.  Two  input  region  and  two 
output  region  trajectories  are  shown.  For  each  region  we  show  one  trajectory  drawn  into  the 
spoke  and  one  which  does  not  enter  the  spoke.  When  a  trajectory  exits  the  left  side  of  the 
interaction  wavelength  in  these  plots,  it  is  reintroduced  at  the  right  side.  Several  general 
conclusions  may  be  drawn  from  Figure  7.  Conditions  in  the  space  charge  sheath  are  far  different 
from  those  in  an  ideal  Brillouin  sheath.  The  trajectories  are  not  smooth  but  appear  more  like  the 
first  order  trajectories  described  by  Slater  [5].  None  of  the  sheath  trajectories  travel  at  the  circuit 
wave  velocity.  Because  of  the  reduction  of  dc  field  in  the  sheath,  the  trajectories  travel  on  the 
average  at  less  than  the  frame  velocity,  backwards  in  the  moving  Same.  They  tend  to  reach  frame 
velocity  only  near  the  maxima  of  the  trajectories.  If  sheath  trajectories  could  stay  in  the  system 
for  an  appreciable  time,  they  would  transform  into  the  smooth  trajectories  in  a  Brillouin  sheath 
which  represents  the  lowest  energy  state.  However,  in  the  CFA  simulations,  individual 
traiectories  remain  in  the  system  for  only  a  fraction  of  a  pass  of  an  rf  wave  around  the  circuit 
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Figure  11.  Moving  Reference  Frame  Equipotential  Plots  Near  the  Input  Geft)  and  the 
Output  (right). 
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Figure  12.  Samples  of  Trajectories  in  the  Moving  Reference  Frame  at  the  Input  (left)  and 
at  the  Output(right). 


Figure  13  shows  four  diagnostics  averaged  over  10  cycloids  in  the  output  region  of  the  CFA.  The 
radial  space  charge  distributions  is  averaged  over  the  complete  if  wavelength  in  the 
circumferential  direction.  This  diagnostic  shows  the  charge  density  in  the  sheath  to  be  about  half 
the  Brillouin  density  but  the  sheath  to  be  thicker  than  the  ideal  Brillouin  sheath.  The  net  charge  in 
the  wavelength  is  about  the  same  as  in  a  Brillouin  sheath.  The  remaining  diagnostics  in  Figure  13 
relate  to  the  cathode  bombardment.  They  show  the  energy  and  angle  of  incidence  distribution  of 
the  incident  electrons  and  the  distribution  of  incident  current  along  the  cathode  within  the  moving 
wavelength  interaction  region.  The  angle  of  incidence  is  seen  to  remain  close  to  the  perpendicular. 
The  relatively  uniform  incident  current  distribution  along  the  cathode  within  the  interaction 
wavelength  is  the  consequence  of  much  of  the  energy  for  the  cathode  bombardment  coming  from 
energy  exchange  within  the  space  charge.  A  similar  set  of  four  diagnostics  for  the  input  region  of 
the  CFA  is  almost  identical  to  the  output  region  diagnostics  of  Figure  13.  Again  this  is  suggestive 
of  cathode  bombardment  being  largely  the  result  of  energy  exchange  within  the  sheath. 

Fluctuations  of  the  Solution 

The  solutions  described  above  fluctuate  about  a  mean.  The  fluctuations  can  be  devided  into  pass- 
to-pass  effects  and  effects  within  a  single  pass.  Fluctuations  of  the  spoke  shape  and  the 
equipotential  plots  have  been  referred  to  above  and  are  examples  of  internal  fluctuations.  Figure 
14  shows  the  fluctuations  in  the  power  and  output  phase  from  pass-to-pass  of  the  simulation.  The 
ratio  of  the  rms.  power  fluctuation  to  the  average  value  and  the  rms.  phase  fluctuation  are 
numerical  measures  of  the  degree  of  fluctuation.  These  pass-to-pass  fluctuations  are  the 
consequence  of  differences  in  recirculated  charge  distribution.  They  have  led  to  the  belief  that 
reduction  of  charge  recalculation  is  a  potential  means  of  reducing  CFA  noise.  Figure  15  shows 
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Figure  13.  Radial  Charge  Distribution  and  Cathode  Bombardment  Diagnostics  near  the 
Output  of  a  Single  Pass  computation. 


another  measure  of  the  internal  fluctuations  -  the  fluctuations  in  the  field  at  the  cathode.  The 
graph  on  the  left  in  this  figure  shows  the  field  at  the  cathode  at  a  “probe  point”  at  the  center  of  the 
favorable  phase.  This  field  is  shown  as  a  function  of  distance  fi’om  input  to  output.  This  quantity 
is  seen  to  fluctuate  wildly  as  voids  in  the  space  charge  pass  over  the  probe  location.  Examination 
of  the  field  at  different  probe  points  in  the  moving  wavelength  shows  that  the  peaks  in  Figure  14 
are  moving  with  a  velocity  (in  the  laboratory  fi:ame)  of  about  0.5  the  wave  velocity.  Diis  motion 
is  also  illustrated  by  the  graph  on  the  right  in  Figure  14  which  shows  snapshots  of  the  field 
distribution  along  the  cathode  in  the  moving  wavelength  at  intervals  separated  by  four  time  steps. 
The  maximum  of  the  cathode  field  is  seen  to  be  drifting  to  the  left 

Effect  of  Emission  Conditions  on  the  Fluctuations 

The  effect  of  emission  condition  on  the  fluctuations  of  the  simulations  has  been  studied  in  greatest 
detail  for  the  SFD-266  CFA.  Experimentally  the  noise  of  the  SFD-266  is  about  10  dB  lower  than 
that  of  the  SFD-262  under  the  same  voltage  and  current  operating  conditions.  In  the  simulations. 
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Figure  14.  Pass-to-Pass  Fluctuations  in  the  Power  and  Phase  for  a  25  Pass  Midband 
Simulation. 
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Figure  15  Cathode  Field  Fluctuations.  The  graph  on  the  left  shows  the  field  at  the  ce^r 
of  the  interaction  wavelength  as  a  function  of  distance  fiom  the  input  to  the  output.  The 
graph  on  the  right  shows  the  cathode  field  as  a  function  of  distance  along  the  catoode 
within  the  interaction  wavelength.  The  field  is  plotted  at  timesteps  separated  by  1/15  of  a 
cyclotron  period. 
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the  fluctuations  are  lower  in  the  SFD-266.  The  charge  profile  plots  of  the  SFD-266  appear 
smoother  than  those  of  the  SFD-262  and  pass-to-pass  fluctuations  are  half  to  two-thirds  of  those 
in  the  SFD-262. 


The  effect  of  emission  conditions  has  been  studied  in  the  SFD-266  for  thermioruc  emission  alone, 
secondary  emission  alone  and  a  combination  of  thermionic  and  secondary  emission.  Figure  16 
shows  the  effect  of  varying  the  emission  current  density  when  thermionic  emission  alone  is 
present.  This  figure  contains  three  columns — one  for  each  of  three  current  densities.  The  current 
density,  the  resulting  anode  current  and  efficiency  are  listed  at  the  top  of  each  column.  This  is 
followed  by  the  ratio  of  the  emitted  current  to  anode  current  and  the  normalized  charge  in  the 
interaction  wavelength.  In  the  center  of  each  column  is  a  graph  showing  the  field  at  a  probe  point 
on  the  cathode  as  a  function  of  distance  such  as  was  introduced  in  the  last  section.  This  quantity 
is  a  measure  of  the  internal  fluctuations  within  a  pass.  At  the  bottom  of  each  column  is  a  listing  of 
the  power  and  phase  fluctuations  from  pass-to-pass. 

Figure  16  shows  that  at  low  space  charge  densities  the  sheath  charge  is  depleted  resulting  in  an 
increase  in  the  field  at  the  cathode  toward  the  free  space  value.  The  fluctuations  in  cathode  field 
are  absent.  Efficiency  is  low  because  the  trajectories  are  closer  to  cycloids  than  to  the  Slater-like 
trajectories  of  the  full  space  charge  solution.  Pass-to-pass  fluctuations  are  almost  completely 
absent  in  the  low  emission  density  case.  At  intermediate  emission  densities,  fluctuations  in  the 
field  at  the  cathode  as  well  as  pass-to-pass  fluctuations  appear.  At  even  higher  emission  densities, 
the  field  at  the  cathode  is  reduced  to  a  low  value  and  the  fluctuations  in  the  field  again  disappear. 
The  magnitude  of  the  pass-to-pass  fluctuations  is  decreased  but  does  not  drop  to  the  low  value  of 
the  low  emission  case. 
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Figure  16.  Effect  of  Thermionic  Emission  on  Fluctuations  of  the  Simulation. 
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Figure  17  is  similar  to  Figure  16  but  applies  to  secondary  emission  alone.  The  maximum 
secondary  yield  is  listed  at  the  top  of  each  column.  This  maximum  in  all  cases  occurs  at  an 
incident  energy  of  300  volts  as  is  characteristic  of  a  beryllium  secondary  emitter.  The  middle 
column  represents  the  yield  of  the  beryllium  secondary  emitter  currently  used  in  the  SFD-262  and 
SFD-266  CFAs.  The  lower  and  higher  yield  columns  were  obtained  by  multiplying  the  yields  by 
an  arbitrary  factor  at  each  incident  energy.  Moving  from  the  center  column  toward  the  lower 
emission,  we  find  the  field  at  the  cathode  increasing  as  was  the  case  for  thermionic  emission.  The 
fluctuations  of  the  field  do  not,  however,  disappear.  At  a  very  high  secondary  yield,  the  field  at 
the  cathode  again  drops  to  a  low  value  and  the  fluctuations  disappear.  As  is  the  case  with 
thermionic  emission,  the  pass-to-pass  fluctuations  decrease  but  are  not  eliminated.  The 
elimination  of  the  cathode  field  fluctuations  as  the  secondary  yield  increases  occurs  in  an 
unexpected  manner.  At  a  maximum  yield  of  10,  there  is  a  mixture  of  passes  having  high 
fluctuations  as  shown  in  the  middle  column  and  passes  having  low  fluctuations  as  shown  in  the 
right  column.  As  the  yield  increases,  the  number  of  low  fluctuation  passes  increases.  At  a  yield  of 
20,  all  the  passes  show  low  fluctuations. 


Figure  18  compares  two  cases.  The  left  column  is  the  same  as  the  center  column  of  Figure  16 
with  secondary  emission  alone.  The  right-hand  column  shows  the  effect  of  adding  5  amps/cm^  of 
thermioiuc  current  to  the  secondary  emission.  The  addition  of  the  thermioiuc  emission  causes  the 
cathode  field  fluctuations  to  drop  to  a  low  value.  At  the  same  time  the  efficiency  increases.  The 
increase  in  efficiency  is  the  consequence  of  a  reduction  in  cathode  dissipation.  Charge  profile 
plots  generated  by  the  simulation  become  much  more  uniform  and  fluctuations  of  the 
equipotential  plots  are  greatly  reduced  when  the  thermionic  emission  is  added. 
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Figure  17.  Effect  of  Secondary  Emission  on  Fluctuations  of  the  Simulation. 
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Figure  18  Effect  of  Adding  Thermionic  Emission  to  the  Secondary  Emission. 


Experimental  results  obtained  on  an  SFD-266  CFA  exist  corresponding  to  the  two  columns  of 
Figure  18.  These  results  were  obtained  using  an  SFD-266  CFA  employing  a  dispenser  cathode 
with  a  heater  in  place  of  the  usual  bayllium  secondary  emitting  cathode.  The  CFA  was  operated 
at  low  duty  so  that  with  the  heater  off  the  cathode  operated  cold  and  emission  was  entirely  the 
result  of  secondary  emission.  When  ±e  heater  was  turned  on  and  the  cathode  heated  to  above 
1(XX)°C,  there  was  a  mixture  of  secondary  and  thermionic  emission.  The  addition  of  the 
thermionic  emission  caused  the  CFA  to  transition  to  a  low  noise  state  in  which  the  noise  was 
reduced  by  about  20  dB.  This  state  suggests  a  reduction  in  fluctuation  in  the  space  charge.  At 
the  same  time  efficiency  increased  by  about  five  percentage  points — about  the  amount  of  the  of 
the  increase  seen  in  the  simulations. 


Conclusions 

The  moving  wavelength  DECFA  nxxiel  yields  reasonable  agreement  with  the  gross  CFA 
performance  and  provides  useful  information  on  how  to  revise  a  CFA  design  to  improve 
performance.  Fluctuations  of  the  model  appear  to  represent  a  crude  model  of  noise  mechanisms 
in  the  CFA  and  of  the  effect  of  cathode  emission  on  noise.  The  fluctuations  depend  critically  on 
the  emission  algorithim.  Low  fluctuation  states  appear  at  high  emission  levels  when  a  “Gauss’ 
law”  limit  is  imposed  on  the  emitted  current.  In  the  absence  of  this  limit,  low  fluctuation  states 
are  observed  at  low  thermionic  emission  but  not  at  high  emission  levels.  Further  studies  with  the 
more  complete  MASK  model  [2]  is  expected  to  yield  improved  insight  into  noise  mechanisms. 
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Abstract 

Various  improvements  and  enhancements  of  the  author's 
earlier  code  (IEEE  Transactions  on  Electron  Devices,  ED-35, 
1988)  are  presented. 

The  details  of  the  anode  vane  geometry  are  evaluated  by 
application  of  Hockney's  method  using  Buneman's  cyclic 
reduction.  The  results  of  this  enhancement  show  a 
significant  improvement  over  the  previously  used  solid  anode 
approximation . 

The  orbit  calculation  has  been  reformulated  to  allow 
for  relativistic  mass  increase.  It  has  simplicity  that 
makes  it  equally  adapted  to  ordinary  voltage  levels. 

The  previous  code  requires  large  storage  and 
computation  time  for  systems  with  large  numbers  of  rf  nodes. 
Study  of  the  response  functions  shows  that  values  are 
important  for  only  a  few  of  these:  those  for  sources  close 
to  the  test  site.  Reformulation  reduces  the  data  storage 
and  computation  time  by  a  considerable  fraction.  This  makes 
it  feasible  to  handle  both  the  40-vane  and  the  104-vane 
Northeastern  University  amplifiers. 


I.  INTRODUCTION 

This  paper  describes  three  improvements  in  the  author's 
computer  program  [1]  for  the  simulation  of  magnetrons  and 
amplifiers.  Some  remove  limitations  on  accuracy.  Others 
improve  the  efficiency  of  the  computer  code  -  a  matter  of 
importance  for  execution  on  small,  'personal'  computers. 


II.  STATIC  FIELD  OF  THE  ANODE  VANES 

Earlier  simulation  calculations  [2]  disclose  the 
substantial  interaction  between  the  stream  and  the  space  between 
vanes,  yet  they  ignore  the  details  of  the  electric  field  at  the 
vane  tips.  They  use  the  logarithmic  potential  of  a  solid  anode. 
This  may  be  justified  for  electrons  in  synchronous  circular 
orbits,  as  in  small— signal  conditions.  It  fails,  however,  under 
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the  large-signal  conditions  in  the  spokes  and  especially  at  the 
terminus  of  the  orbits.  Furthermore,  vanes  of  diverse  shape 
have  been  used  in  both  magnetron  and  amplifier.  The  anodes  have 
often  been  rods  rather  than  vanes.  Vane  shaping  has  been  shown 
to  improve  device  performance,  likely  related  to 
secondary— electron  loading  [2]  and  multipactor  between 
anodes  [3].  Clearly  this  aspect  must  be  considered  in 
simulation. 


and  transformed  space. 


Buneman's  Cyclic  Reduction 

The  cyclic  reduction  calculation  can  be  used  to  solve  the 
Laplace  or  Poisson  equation  on  a  binary  mesh  (having  numbers  of 
cells  in  each  direction  equal  to  a  power  of  two) .  The  region 
must  have  regular  boundaries,  as  ABCDEFA  in  Fig.  1.  The  radial 
bounds  are  equipotentials;  the  azimuthal  boundary  conditions  are 
Neumann  contours  (av/a0=O) ,  as  apply  at  AB  and  EF  in  view  of  the 
mlT^jfor  symmetry  there.  It  would  appear  that  this  method  fails 
to~  accommodate  the  vane  contour  BB ' D .  Hockney  [ 4 ] ,  however , 
devised  a  method  to  do  so. 


The  Method  of  Hockney 

Hockney's  method  may  be  described  by  realizing  that  the 
mesh  charges  may  be  that  of  free  charge  -  the  electrons  -  and 
also  the  surface  charges  on  the  vanes.  It  becomes  a  task  to 
determine  the  surface  charge  distribution  that  corresponds  to 
the  applied  anode  potential.  The  method  of  determining  this 
charge  proceeds  as  follows. 
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Cyclic  reduction  is  first  used  to  solve  the  Laplace 
equation  in  the  regular  region  with  the  anode  voltage  at  the 
outer  wall,  the  cathode  potential  being  zero.  The  potentials  on 
the  M  vane  contour  points  form  a  linear  matrix 

[V]  =  Vj  ,  j=l,M  (1) 

and  are  in  general  different  from  the  anode  potentials,  defining 
a  deficiency 


[Vx]  =  Vb  -  [V]  (2) 

The  problem  becomes  one  of  determining  surface  charges  to 
eliminate  these  differences. 

In  the  next  phase  a  unit  charge  is  placed  at  one  of  the 
vane  mesh  points  (the  i-th) .  Cyclic  reduction  is  executed, 
resulting  in  vane  mesh  point  potentials  having  the  nature  of 
reciprocal  capacitances  that  can  be  designated  s,-  j  .  This  is 
repeated  for  all  source  points  i.  The  complete  array  [s,-  j  ] 
defines  a  reciprocal-capacitance  matrix,  [S].  Its  inverse  is 
the  capacitance  matrix  [C]  which  expresses  the  coupling  between 
points  on  the  vane  contour.  It  is  required  that  an  array 
[Q]  =  [q,-  ]  must  be  such  that 

[Q]  [S]  =  [Vx]  (3) 

eliminating  the  potential  deficiency  noted  above.  Eg.  3  has  the 
solution 


[C]  [Q]  [S]  =  [Q]  =  [C]  [Vx]  (4) 

The  final  step  is  to  assign  [Q]  to  the  vane  contour  and  execute 
the  cyclic  reduction  once  more.  The  resulting  potentials  are 
the  exact  solution  of  Laplace ' s  equation  with  the  vanes  at  V^ . 

The  computational  cost  of  this  procedure  is  the  execution 
of  cyclic  reduction  M+2  times,  the  inversion  of  the  the  M-square 
matrix  [S],  and  the  matrix  multiplication  to  compute  [Q] . 
Fortunately,  it  needs  to  be  done  only  once  as  a  preliminary 
calculation. 

During  the  simulation  the  static  field  is  computed  by 
interpolation,  taking  account  of  the  location  of  the  electron 
with  respect  to  the  vanes.  This  technique  provides  the  static, 
space-charge- free  electric  field.  It  continues  to  rely  on  the 
solid  anode  model  for  space-charge  field  evaluation.  The  error 
in  so  doing  is  considered  small,  since  the  space-charge  fields 
are  small  in  comparison  to  the  vane-tip  and  rf  fields. 


The  Poisson  Equation 

As  part  of  the  simulation  process,  the  space-charge  can  be 
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assigned  to  the  cyclic  reduction  mesh  and  the  discrepancy  matrix 
[Vx]  obtained.  The  surface  charge  [Q]  is  then  computed  from 
Eg.  4,  the  inverted  matrix  [C]  having  been  saved.  A  second 
cyclic  reduction  with  space-  and  surface  charges  in  place  yields 
the  space-charge  potential  from  which  the  field  is  evaluated. 
The  computation  burden  is  thus  a  matrix  multiplication  and  the 
second  cyclic  reduction.  This  part  of  the  procedure  is 
applicable  to  the  simulation  of  magnetrons  in  the  pi  mode.  It 
is  not  practical  for  the  amplifier,  for  which  the  previous 
technigue  can  reasonably  be  used.  This  technique  for  magnetron 
simulation  has  only  recently  been  implemented. 


Simulation  Results 

Simulations  were  made  for  the  type  4J50  magnetron,  with  the 
solid  anode  and  with  the  detailed  vane  fields.  The  results  are 
compared  with  each  other  and  with  measurements  made  by 
J.  F.  Hull  [6].  Table  1  shows  these  results  for  magnetic  field 
B  =  5500  Gauss  and  with  (pulsed)  anode  voltage  Vj,  =  20.9  kv. 
This  is  the  nominal  operating  point.  The  loaded  Q  is  280. 


Table  1.  4J50  Magnetron;  B=  5500  Gauss. 


Simulation 

Solid  Anode  Vanes 

Measurement 
J  F  Hull 

Anode  voltage 

Vb 

kV 

20.9 

20.9 

20.9 

Anode  current 

Ib 

a 

34.2 

24.9 

27.5 

Load  power 

Pl 

kW 

311. 

252. 

232. 

Efficiency 

n 

% 

43.5 

48.4 

40.4 

The  solid- 

-anode 

simulation 

shows  results 

-  anode  curre: 

and  rf  power  -  that  are  surprisingly  greater  than  the  vane-field 
simulation.  These  in  turn  are  much  closer  to  the  measured  result 
of  Hull.  Results  for  higher  anode  voltage  (not  shown  here)  are 
even  more  dramatically  different.  The  inference  is  clearly  that 
the  vane  fields  serve  a  very  useful  role. 

Further  comparison  with  the  simulation  and  measurement  is 
made  in  Table  2,  in  which  the  slope  of  the  Gauss  line  is 
determined . 
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Table  2.  4J50  Magnetron:  Gauss  line  slope  data. 


Vb 

Ib 

Slope 

kV 

a 

a/kV 

Measured  [6]: 

20.0 

0.0 

12 . 5 

22 . 2 

27.5 

Simulation: 

19.9 

14.5 

10.4 

20.9 

24.9 

13.5 

21.9 

38.4 

The  slope  data  are  in  good  agreement  here,  providing 
further  confidence  in  the  simulation  process. 


III.  RELATIVISTIC  ORBIT  ALGORITHM 

Simulation  of  the  relativistic  magnetron  [7,8]  has  called 
for  suitable  modification  of  the  orbit  calculation.  As  in  the 
past,  rf  magnetic  fields  are  assumed  to  have  negligible  effects. 
Also  as  in  the  past,  the  trajectory  variables  are  expressed  as 
power  series  in  'cyclotron  time',  T-w^-t.  As  may  be  needed,  the 
orbit  during  a  simulation  interval  may  be  subdivided  into 
several  smaller  intervals  in  order  that  T<<1  for  each.  This 
ensures  the  convergence  of  the  series. 

For  each  charge  in  the  stream,  a  radially  aligned 
Cartesian  coordinate  system  is  assigned  as  shown  in  Fig.  2. 


Fig.  2 . Coordinates  for  trajectory  calculation 
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UX=a+bT+c  T2/2  +  d  T3/6  +  ...  (5) 

X  =  a  T  +  b  T2/2  +  c  T3/6  +  ...  (6) 

UY=m+nT+p  T2/2  +  q  T3/6  +  ...  (7) 

Y  =  m  T  +  n  T2/2  +  p  T3/6  +  ...  (8) 

Also,  for  relativistic  considerations,  a  power  series  is 
introduced  for  the  mass  factor 

r  =  r,-  +  bi  T  +  b2  T2/2  +  bj  T3/6  +  ...  (9) 


where  r,-  is  the  initial  mass  factor  determined  by  initial 
velocities  a=UX,-  and  m=UYj  . 

The  coefficients  in  these  series  are  determined  by 
requiring  conformity  with  the  motion  equations  (wherein  the 
primes  denote  derivatives  with  respect  to  T) 

(r  UX) '  =  EX  ~  UY  (10) 

(r  UY) '  =  EY  +  UX  (11) 

The  polar  nature  of  the  field  in  the  magnetron  is  expressed 
by  rotation  of  the  electric  vector  as  the  orbit  sweeps  through 
the  small  angle  9  such  that  cos0«l  and  sin0«X/r,- 

EX  =  EX,-  +  EY,-  X/r,- 
EY  =  EY,-  -  EX,-  X/r,- 

Eqs.  11  and  12  lead  to  the  energy  theorem 

(r  m^  c2) •  <=>  E*U  (14) 

or 

y  -  r,-  <=>  /E-U  dT  =  /E*dR  (15) 

These  energy  relations  serve  to  monitor  the  orbit 
calculation.  In  particular  the  X  and  Y  coordinates  are 
accepted  as  computed  above,  and  the  velocity  components  are 
modified  to  preserve  energy  balance. 

This  algorithm  performs  well  for  simulation  of  the  MIT  A6 
relativistic  magnetron,  for  which  r  may  at  times  be  as  high  as 
3.  It  is  used  also  for  conventional  magnetrons;  in  the  4J50  the 
relativistic  mass  increase  may  be  as  much  as  2  percent. 


IV.  AMPLIFIER:  RESPONSE  FUNCTIONS 

An  essential  part  of  the  simulation  of  the  cfa  is  the 
determination  of  the  behavior  of  the  rf  network.  This  system 
consists  of  a  number  N  of  nodes  corresponding  to  the  anode 
vanes.  At  any  discrete  time  t,-  ,  the  state  of  the  network  is 
defined  by  the  set  of  rf  voltages  and  their  time-integrals, 
u=Iv  dt 

V,-  ,  i  =  1,N  (16) 


(12) 

(13) 
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(17) 


u,-  ,  i  =  1,N 

The  state  of  the  rf  network  at  the  end  of  a  time  interval 
At  is  determined  by  the  state  at  its  beginning  and  also  depends 
on  the  extent  of  electron  stream  excitation,  as  manifested  by 
the  electronic  currents  I,-  entering  the  vanes  during  the 
interval 

Ij  ,  i=l,N  (18) 

There  are  thus  two  variables  (v  and  u)  to  define  the  state, 
and  three  'stimuli',  or  sources  of  network  excitation:  the 
initial  v's  and  u's,  and  the  electronic  current.  For  the 
amplifier,  rf  input  signals  must  be  added. 

Simulation  calculations  rely  on  a  prior  computation  of 
network  response  functions,  which  are  the  state  variables  v  and 
u  resulting  from  independent  unit  stimuli.  Thus, 

RV  denotes  a  voltage  response,  i.e.,  an  rf  voltage  produced  by  a 
stimulus;  RU  denotes  a  value  of  the  time-integral  u  produced  by 
a  stimulus.  Indices  denote  the  source  node  and  the  node  where 
the  response  appears.  Lastly,  subscripts  are  used  to  denote  the 
type  of  stimulus  producing  the  response.  For  example, 

RVy (i, j)  is  the  voltage  response  to  a  voltage  stimulus  at  the 
i-th  node.  It  is  observed  at  the  j-th  node.  By  reciprocity, 
RVv  (i,  j)  =  RVv  (j,i)  . 

RVj  (i,j)  is  the  voltage  response  seen  at  node  j  produced  by  unit 
current  at  node  i. 

The  complexity  of  these  response  functions  leads  to 
limitations,  especially  with  small  computers.  First,  the 
one-time  calculation  of  the  functions  can  be  tedious.  Secondly, 
their  use  in  the  simulation  process  requires  considerable  memory 
storage.  Finally,  for  each  stored  function  there  must  be  at 
least  one  multiplication  and  one  addition;  this  can  result  in 
slow  calculation.  Each  of  these  factors  becomes  more  serious 
because  the  time  required  increases  as  the  square  of  the  number 
of  vanes,  N. 

Further  study  of  the  nature  of  the  response  functions 
discloses  what  should  already  be  apparent  from  the  nature  of  the 
rf  network  as  a  ladder.  Table  3  lists,  for  a  40-vane  network,  a 
typical  response  function,  viz.,  RVv(12,i). 
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Table  3.  Response  of  a  40-vane  network 
i  j  RVv(12,j) 


12 

<6 

.0000000000000000 

12 

6 

.0000000000000000 

12 

7 

.0000000000000067 

12 

8 

.0000000000199434 

12 

9 

.0000000371475753 

12 

10 

.0000371133432558 

12 

11 

.0148155093362986 

12 

12 

.9702946803058404 

12 

13 

.0148155093362986 

12 

14 

.0000371133432558 

12 

15 

.0000000371475753 

12 

16 

.0000000000199434 

12 

17 

.0000000000000067 

12 

>17 

.0000000000000000 

These  and  similar  data  show  that  for  short  time  steps  the 
slow-wave  system  responses  are  negligible  outside  the  range  of  5 
vanes  on  either  side  of  the  stimuli.  They  make  no  contribution 
to  the  signals,  and  simply  waste  computer  time.  The  computer 
code  has  accordingly  been  revised  to  eliminate  them. 

Table  4  presents  further  insight  into  the  nature  of  the 
response  functions . 

Table  4.  Response  functions  of  a  40-vane  network 


i  RVv(i,i) 

1  .71046034646047 

2  .97032743738218 

3  .97029468032445 

4  .97029468030584 

5  .97029468030584 

6  .97029468030584 

.  do 

.  do 

.  do 

35  .97029468030584 

36  .97029468030584 

37  .97029468030584 

38  .97029468032445 

39  .97032743738218 

40  .71046034646047 


These  data  show  that  the  response  functions  are  principally 
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identical  functions  depending  on  | i-j | .  Thus  the  functions 
RVv(i,j),  i=l,N,  j=l,N  having  values,  can  be  replaced  by  a 
simpler  function  RVy ( | i- j | ) ,  |i-j|=  0,5  with  6  values. 

Exceptions  to  this  rule  are  apparent  at  the  ends  of  the  rf 
network,  where  the  response  is  influenced  by  connections  to 
source  and/or  load. 


V.  Conclusions 

Simulation  of  magnetrons  has  been  improved  by  accurate 
calculation  of  the  anode  vane  fields  and  also  by  accounting  for 
relativistic  electron  dynamics.  The  effectiveness  of  the 
simulation  code  for  amplifiers  has  been  enhanced  by  use  of  the 
response  functions  of  uniform  rf  networks. 
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Abstract 

A  large  body  of  experimental  data  has  been  accumulated  over  the  past  fifteen  years  or  so  on 
the  remarkable  ability  of  both  magnetrons  and  CFA’s  to  operate  under  certain  conditions  at 
noise  levels  comparable  to  those  achieved  in  linear  beam  tubes.  The  physical  origins  of 
these  low  noise  states  have  been  the  subjects  of  considerable  speculation,  fueled  at  least  in 
part  by  results  from  computer  simulation.  While  computer  models  have  long  been  able  to 
predict  basic  operating  parameters  like  gain,  efficiency,  and  peak  power  dissipation  on 
electrode  surfaces  vAth  reasonable  accuracy,  it  is  only  within  the  past  few  years  that  any 

success  could  be  reported  on  the  simulation  of  noise.  SAIC’s  MASK  code,  a  22-D 
particle-in-cell  code,  has  been  able  to  compute  total,  integrated  noise  power  to  an  accuracy 
of  ±  a  few  dB  in  a  high  power  CFA,  operating  with  a  typical  intra-pulse  spectral  noise 
density  of  ~  47  -  50  dB/MHz.  Under  conditions  that  produced  low  noise  (~  60-100 
dB/MHz)  in  laboratory  experiments,  the  MASK  code  has  been,  until  now,  unable  to 
reproduce  similar  results.  The  present  paper  reports  the  first  successful  production  of  a 
very  low  noise  state  in  a  CFA  simulation  using  the  MASK  code.  The  onset  of  this  low 
noise  state  is  quite  sudden,  appearing  abruptly  as  the  current  is  raised  to  a  point  near  which 
the  cathode  operates  as  nearly  emission  limited.  This  behavior  closely  reproduces  that 
seen  in  an  experimentally  observed  transition  between  low  noise  and  high  noise  operation 
in  the  SFD-266,  a  Varian[CPI]  low  noise  CFA.  Some  comments  are  made  concerning  the 
nature  of  the  noise  as  observed  in  the  simulation  and  in  the  laboratory. 


*  Work  supported  by  Naval  Research  Laboratory  Contract  N00014-92-C-2030 
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1.0  Introduction 


Crossed-field  devices,  both  magnetrons  and  CFA’s,  are  generally  known  as  noisy  devices  in 
comparison  to  linear  beam  tubes  —  a  fact  that  limits  their  applicability  in  many  systems,  both 
civilian  and  military,  to  which  they  would  otherwise  be  well  suited.  While  it  is  often  assumed 
that  there  is  some  fundamental  feature  of  the  crossed-field  interaction  that  produces  excess  noise, 
several  experimental  developments  have  shown  to  the  contrary  that  both  magnetrons  and  CFA’s 
are  in  fact  capable  of  operating  with  noise  levels  comparable  to  or  better  than  linear  tubes  under 
certain  conditions. 

The  definitive  identification  of  the  sources  of  noise  generation  in  crossed-field  devices 
nonetheless  remains  one  of  the  most  challenging  problems  in  vacuum  electronics  and  the  physical 
causes  of  noise  have  been  widely  studied  and  debated  for  many  years  ^  A  recent  Navy  funded 
program  designed  to  identify  and  reduce  the  sources  of  noise  in  CFA’s  has  produced  a  large 
database  of  information  on  CFA  behavior.  Accompanying  that  program  has  been  an  effort  to 
produce  computer  models  of  CFA’s  that  can  assist  in  these  investigations.  Early  results  from 
these  computer  models  produced  a  strong  similarity  between  computed  and  measured  rf  output 
waveforms,  as  illustrated  in  Figure  1,  which  shows  a  comparison  between  a  measured  output 
waveform  from  a  high  power  CFA  and  a  simulated  output  waveform  computed  by  SAIC’s 
MASK  particle-in-cell  simulation  code.  These  results  suggested  that  the  levels  of  numerical  noise 
and  other  inherent  model  limitations  might  actually  be  small  enough  to  allow  physical  sources  of 
noise  to  be  simulated  with  reasonable  accuracy.  Still  it  was  thought  that  the  simulation  of  very 
low  noise  operation  was  out  of  reach  of  present  codes. 
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Figure  la:  Typical  plot  of  RF  output  voltage  vs.  time 
for  the  Aegis  SPY-1  CFA,  as  computed  by  MASK. 
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Figure  lb:  Oscilloscope  trace  of  RF  output  voltage  vs. 
time  for  the  Aegis  SPY-1  CFA,  under  the  same  conditions 
as  those  used  in  the  simulation  of  Figure  la.  [Courtesy 
Technology  Services  Corp.] 


“Noise”,  in  this  paper,  will  be  defined  as  any 
departure  from  a  perfectly  sinusoidal  output  signal  at  the  drive  frequency,  either  measured  or 
computed.  A  signal-to-noise  ratio  may  be  defined  to  quantify  such  departures  and  one  possible 
definition,  similar  to  that  used  in  some  radar  applications,  will  be  given  and  applied  below.  One 
obvious  characteristic  of  such  a  definition  is  that  it  has  no  way  of  differentiating  between  random 
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sources  of  noise  and,  say,  a  perfectly  periodic  amplitude  or  phase  modulation,  for  example.  In 
fact,  the  quasi-periodic  nature  of  the  modulations  seen  in  the  waveforms  of  Figure  1  raise  the 
interesting  possibility  that  at  least  some  part  of  what  is  called  noise  is  really  the  result  of  a 
complicated,  but  deterministic  interaction  among  the  circuit,  the  space  charge,  and  the  rate  of 
emission  from  the  cathode.  This  possibility  seems  more  likely  when  one  considers  that,  except 
possibly  for  roundoff  errors,  there  is  nothing  random  about  the  computer  calculation^. 

Whatever  the  cause(s)  of  the  waveform  modulations  in  Figure  1,  they  are  observed  to  persist  over 
large  variations  of  operating  parameters  and  were  long  thought  to  be  an  inescapable  feature  of  the 
high  power  CFA’s  in  which  they  were  observed.  The  initial  discovery  of  low  noise  states, 
however,  in  which  the  modulations  were  virtually  absent,  followed  by  the  results  of  the 
simulations  described  below,  shows  that  the  modulations  are  not  fundamental  to  the  crossed-field 
interaction  in  the  CFA. 

It  has  recently  been  found  that  the  MASK  simulation  code  is  capable  of  reproducing  a  transition 
between  high  and  low  noise  states  observed  in  the  lab  and  in  particular  of  simulating  very  low 
noise  states  in  a  CFA  in  which  the  waveform  modulations  are  greatly  reduced  in  amplitude. 
Evidence  will  be  presented  to  show  that  the  computed  noise  level  in  the  quiet  state  is  bounded  by 
the  numerical  discretization  noise  associated  with  density  fluctuations  caused  by  the  use  of  a 
finite  number  of  simulation  macroparticles. 

In  the  following  sections  we  give  a  brief  review  of  the  experimental  data  that  prompted  these 
simulations,  a  description  of  the  model  of  a  CFA  implemented  in  the  MASK  code,  and  a 
discussion  of  the  simulation  results,  including  a  comparison  with  experimental  observations. 

2.0  Experimental  Observations 

The  first  demonstration  of  an  abrupt  transition  between  low  and  high  noise  operation  in  a 
crossed-field  device  was  carried  out  by  W.C.  Brown  of  Raytheon  in  1979-19803.  He  observed 
that  when  the  heater  power  in  a  microwave  oven  magnetron  was  removed,  the  noise  power 
underwent  an  abrupt  transition  to  values  well  in  excess  of  -100  dB/MHz,  a  5  to  6  order  of 
magnitude  reduction  in  noise  from  the  normal  operating  value.  The  transition  was  accompanied 
by  a  small  discontinuity  in  the  voltage-current,  or  gauss  line  characteristic  and  by  a  small  change 
in  operating  frequency.  About  10  years  later,  during  an  intensive  effort  to  develop  low  noise 
CFA’s  for  the  Aegis  SPY-1  radar,  certain  low  noise  operating  points,  called  ‘sweet  spots,’  were 
observed  at  Raytheon,  Litton,  and  Varian  in  the  operation  of  experimental  high  power  CFA’s. 
These  sweet  spots  corresponded  to  particular  parameter  settings  and  were  ephemeral  in  nature. 
Still  their  existence  proved  that  crossed-field  amplifiers  could  operate  as  very  low  noise  devices. 
In  these  experiments  as  well  as  those  described  below,  the  S/N  ratios  were  computed  using  a  3- 
pulse  cancellation  method  and  only  included  noise  in  a  narrow  band  very  close  to  the  carrier. 

Varian/Beverly4  has  obtained  S/N  ratios  in  the  range  of  80-90  dB/MHz  near  the  carrier  for  certain 
parameter  ranges  in  an  S-band  tube  using  a  low  magnetic  field,  while  maintaining  high  efficiency^. 
It  has  proven  to  be  very  difficult,  however,  to  find  a  combination  of  design  values  that  permits  all 
other  tube  specifications  to  be  met  while  maintaining  low  noise.  S/N  ratios  are  observed  to 
depend  on  operating  frequency,  cathode  current,  magnetic  field,  tube  age,  and  even  on  the  material 
composition  of  the  anode  circuit.  The  achievements  of  this  work  are  nonetheless  very  significant. 
No  one  thought  as  recently  as  7  or  8  years  ago  that  high  power  CFA’s  could  operate  at  anywhere 
near  these  noise  levels,  nor  operate  with  good  (~  50%)  efficiency  at  low  magnetic  fields. 


248 


One  of  the  most  interesting  results  from  the  Varian  work  has  been  the  observation  of  a  transition 
from  high  noise  to  low  noise  operation  as  the  cathode  current  was  raised,  as  shown  in  Figure  2. 


Figure  2;  Measured  S/N  ratios  vs.  cathode  current 
for  the  SFD-266  for  different  magnetic  fields. 
[Courtesy  Varian/Beverly] 


Though  not  as  sharp  as  that  observed  by  Bill 
Brown  in  the  cooker  magnetron,  the  transition  still 
produces  jumps  in  excess  of  40  dB/MHz  for  a 
small  change  in  current,  the  exact  value  of  the  jump 
being  dependent  on  the  value  of  the  magnetic  field. 
The  transition  gets  less  and  less  pronounced  as  the 
magnetic  field  is  increased,  as  seen  in  the  Figure, 
and  it  is  nearly  washed  out  altogether  at  the  highest 
magnetic  fields  used  in  the  experiment.  The  clear 
challenge  to  computer  simulation  is  to  reproduce 
this  behavior  and  to  explain  its  source.  This  is 
what  we  have  set  out  to  do,  using  the  MASK  code. 

3.0  Computer  Model  Description 


SAIC’s  MASK  code  is  a  particle-in-cell  simulation 
code  designed  to  perform  so-called  ‘frill  format’  simulations  of  CFA’s.  This  means  that  the  code 
simultaneously  treats  the  entire  interaction  and  drift  spaces,  in  contrast  to  moving  window 
codes^  which  are  based  on  the  single  wavelength/single  frequency  approximation.  MASK  is  in 
this  sense  similar  to  the  first  frill  format  crossed-field  simulation  code,  written  by  George 
Dombrowski^.  Full  format  codes  are  capable  of  simultaneously  including  waves  of  different 
wavelengths  and  frequencies  and  of  tracking  their  interactions  with  particles,  which  themselves 
interact  with  each  other.  They  also  permit  continuous  simulation  of  electronic  feedback  through 
a  drift  space. 

Figure  3  shows  a  schematic  drawing  of  how  a  CFA  is  represented  in  the  MASK  code. 

The  anode  is  usually  represented  as  a 

smooth  surface  composed  of  segments  of 

metal  alternating  with  segments  of 

vacuum,  though  the  vane  tip  geometry  can 

also  be  represented  if  desired.  The 

potentials  applied  to  the  metal  segments, 

or  vane  tips,  are  controlled  by  their 

connections  to  a  lumped  element  slow 

wave  circuit  that  is  designed  to  have  the 

same  properties  (dispersion  and  energy 

storage)  as  the  physical  slow  wave  circuit. 

The  potentials  in  the  gaps  between  the 

metal  segments  are  assigned  values  that 

are  interpolated  between  the  values  on  the 

adjacent  metal  segments.  When  particles 

T  o  1.  .•  j-  x'A/Acir /-CA  ji  move  in  the  interaction  space  they  induce 

Figure  3:  Schematic  diagram  of  MASK  CFA  model  .  ^ 

currents  m  the  slow  wave  circuit  that  are 
calculated^  according  to  the  prescription  given  originally  by  Ramo^. 
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The  cathode  in  MASK  simulations  can  be  defined  to  be  a  primary  emitter,  a  secondary  emitter,  a 
field  emitter,  or  any  combination.  Its  DC  potential  can  be  assigned  to  be  uniform  along  the 
cathode  surface,  or  it  can  be  made  piecewise  constant,  or  can  be  dynamically  controlled  by  an 
external  modulator  (power  supply)  circuit  model. 

There  are  certain  basic  assumptions  that  MASK  makes  about  the  kind  of  CFA  simulations  of 
interest.  First,  the  simulations  are  two-dimensional,  by  which  is  meant  that  no  variations  of  any 
field  are  accounted  for  in  the  direction  of  the  magnetic  field.  Second,  the  simulations  are 
electrostatic,  that  is,  all  electric  fields  are  assumed  to  be  derivable  from  the  solution  of  Poisson's 
equation  for  the  potential;  it  follows  that  the  rf  magnetic  field  is  neglected.  This  approximation  is 
a  good  one  when  the  phase  velocity  of  the  rf  wave  is  small  compared  to  the  speed  of  light.  Third, 
the  application  of  the  code  to  a  specific  CFA  requires  that  the  slow  wave  circuit  can  be 
adequately  represented  over  the  frequency  band  of  interest  by  a  pi-section,  lumped  element 
transmission  line  of  the  type  first  applied  to  crossed-field  tube  simulations  by  Dombrowski^o. 

Within  these  constraints  there  exists  a  large  number  of  CFA  simulations  of  importance.  In 
particular,  the  code  has  the  flexibility  to  simulate  forward  or  backward  wave  tubes  with  either 
anode  or  cathode  circuits  or  both,  distributed  emission  tubes  with  cathodes  having  different 
emission  properties  along  different  segments,  tubes  with  cathodes  having  embedded  electrodes 
maintained  at  a  bias  with  respect  to  the  rest  of  the  cathode  (e.g.,  quench  electrodes),  and  tubes 
with  tapered  circuit  properties  (impedance,  phase  velocity,  ...)  and  with  tapered  magnetic  fields. 
The  result  is  a  code  that  is  capable  of  realistic  full  format,  multi-wave  CFA  simulations  under  a 
large  variety  of  operating  conditions. 

Among  the  diagnostics  produced  by  the  MASK  code  are  plots  of  various  circuit  quantities  vs. 
time,  snapshots  of  particle  locations,  and  energy  dissipation  as  a  function  of  location.  The  code 
also  computes  a  S/N  ratio,  defined  as 

<I>2+<0>2 

S/N=10-log(l+ - - ^)  (1) 

Oj+G  Q 

where  I  and  Q  are  the  in-phase  and  quadrature  components  of  the  output  signal,  using  the  input 
signal  as  a  reference,  ai  and  Gq  are  the  standard  deviations  in  the  I  and  Q  signals  over  a  user- 
specified  time  window,  and  the  angle  brackets  o  denote  a  time  average  over  the  specified  time 
window.  It  is  important  that  the  simulation  be  run  at  least  one  group  delay  time,  allowing  time 
for  the  energy  to  travel  from  input  to  output;  in  the  simulations  reported  here,  that  time  is  about 
50  rf  cycles  and  the  time  averaging  -window  for  1  and  Q  is  taken  to  be  the  final  50  rf  cycles  in  a 
simulation  of  150  rf  cycles  durationlT  Note  that  no  filtering  is  done  to  the  I  and  Q  channel 
signals,  so  that  the  S/N  ratio  represents  a  spectrally  integrated  value,  and  that  no  3 -pulse 
cancellation  is  performed.  Typical  values  computed  for  the  S/N  ratio  using  the  above  formula  for 
a  high  power  S-band  tube  range  between  15-20  dB  over  a  circuit  passband  of  1200  MHz, 
corresponding  to  an  average  noise  power  density  of  about  45  to  50  dB/MHz,  which  is  a  typical 
operating  range  for  these  tubes. 


4.0  Simulation  Results 

The  transition  from  high  to  low  noise  states  at  low  magnetic  fields  observed  in  the  SFD-266  has 
been  reproduced  in  simulations  using  the  MASK  code.  Figure  4  shows  the  behavior  of  the  S/N 
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ratio  as  computed  using  Eq.(l)  versus  the  cathode  current  for  an  emitted  current  density  of  1.5 
A/cm^  and  a  magnetic  field  of  1320  Gauss. 


I/Amp«r«s 

Figure  4:  S/N  ratio  as  a  function  of  current  for  the 
SFD-266  for  B=1320  G,  as  computed  by  MASK. 


A  sharp  transition  of  nearly  15  dB  is  seen  near  a 
current  of  26  A.  As  in  the  measurements  shown  in 
Figure  2,  the  simulated  transition  is  very  abrupt. 
Further  increases  in  S/N  are  observed  as  the  current 
is  increased  beyond  the  transition.  Figures  5a  and 
5b  show  the  computed  rf  output  waveforms  for 
cases  just  below  and  just  above  the  transition. 
Note  the  remarkable  reduction  of  modulation  level 
in  the  quiet  state. 

Figures  6a  and  6b  show  snapshots  of  the  charge 
distributions  in  the  same  cases,  at  the  end  of  the 
simulations.  Though  no  dramatic  differences  are 
evident  in  the  distributions,  the  spokes  are  seen  to 
“lean”  somewhat  more  below  the  transition  (higher 


noise  case)  than  above  it.  This  leaning  is  due  to  a  shear  in  the  ExB  velocity,  which  in  turn  is 
produced  by  the  space  charge  density  within  the  spoke.  The  result  is  a  reduced  matching  of  the 
ExB  velocity  of  the  spoke  with  the  phase  velocity  of  the  rf  wave.  This  observation  is  supported 
by  the  data  on  the  average  normal  electric  field  at  the  cathode,  as  a  function  of  location,  which  is 
plotted  in  Figure  7.  The  additional  space  charge  present  near  the  cathode  depresses  the  electric 
field  more  in  the  noisy  state  than  in  the  quiet  state,  which  is  nearly  emission  limited.  There  is, 
however,  almost  no  difference  between  the  computed  values  of  cathode  back-bombardment 


powers  between  the  two  states. 


Figure  5a:  RF  output  voltage  vs.  time  for  the  SFD-  Figure  5b;  RF  output  voltage  vs.  time  for  the  SFD- 
266,  as  computed  by  MASK.  Vc  =  -12.5kV  266,  as  computed  by  MASK.  Vc  = -13.0  kV. 
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Figure  8  shows  the  computed  voltage-current  characteristic  in  the  vicinity  of  the  transition.  The 
quiet  state  is  seen  to  occur  near  the  end  of  the  gauss  line,  as  the  cathode  is  being  ‘starved^^.’  in 
fact,  about  half  of  the  current  emitted  from  the  cathode  is  reaching  the  anode  at  the  transition 

point.  This  is  in  contrast  to  a  typical 


Figure  6a.  Snapshot  of  the  steady-state  particle  Figure  6b:  Snapshot  of  the  steady-state  particle 
distribution  for  the  SFD-266,  just  below  the  distribution  for  the  SFD-266,  just  above  the 
transition  to  low  noise  operation.  Vc  =  -12.5  kV.  transition  to  low  noise.  =  -13.0  kV. 

simulation,  using  a  secondary  cathode,  of  the 
Aegis  production  CFA  in  which  only  about  a  tenth  of  the  current  emitted  by  the  cathode  reaches 
the  anode,  the  remaining  90%  being  returned  to  the  cathode.  In  those  simulations,  which  are 
noisy,  the  hub  density  is  much  larger,  as  a  fraction  of  the  Brillouin  density,  than  that  found  in  our 
low  noise  runs.  Clearly,  the  evidence  points  to  operation  in  the  emission  limited  regime  for  low 
noise,  as  found  by  Bill  Brown  in  the  cooker  magnetron.  The  explanation  of  the  abrupt  nature  of 
the  transition  between  high  and  low  noise,  however,  remains  a  mystery,  as  in  the  magnetron. 
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Figure  7:  Normal  electric  field  at  the  cathode  surface,  for 
the  noisy  and  quiet  states,  as  computed  by  MASK.  The 
electric  field  is  normalized  to  the  value  in  the  absence  of 
space  charge.  The  abscissa  is  an  angle  measured  from  the 
center  of  the  drift  space,  positive  toward  the  input.  The 
circuit  extends  from  about  25°  to  335°. 


Figure  8:  Voltage  vs.  current  for  the  SFD-266,  as 
computed  by  MASK.  The  transition  from  high  to  low 
noise  operation  occurs  at  a  current  of  ~26  A. 


The  simulations  shown  in  Figures  5b  and  6b 
are  among  the  most  quiet  ever  produced  by  the 
MASK  code;  they  are  at  least  20  dB  quieter 
than  any  other  simulations  made  for  the  Aegis 
production  tube.  The  small  amount  of  noise 
remaining  is  actually  of  a  numerical  nature, 
rather  than  being  due  to  a  physical  process, 
that  is,  the  value  of  the  computed  S/N  ratio  in 
the  low  noise  states  depends  on  the  precise 
way  in  which  the  physical  problem  is 
discretized  by  the  code. 

Consider  for  example  Figure  9,  which  shows  a 
plot  of  the  S/N  ratio  and  the  rf  output  power 
as  functions  of  the  number  of  simulation 
macroparticles  used  in  the  low  noise 
simulation.  Each  macroparticle  used  in  a 
simulation  represents  many  physical  electrons. 
In  the  simulations  shown  in  Figures  5  and  6, 
this  ‘weight’  is  3x1 0^.  If  the  weight  is 
changed,  the  code  adjusts  the  number  of 
macroparticles  it  follows  so  that  the  total 
physical  charge  in  the  system  is  approximately 
unchanged.  In  principle,  all  results  for 
physical  quantities  should  be  independent  of 
the  macroparticle  weight,  as  long  as  it  is  small 
enough  so  that  a  sufficient  number  of 
macroparticles  is  followed  to  resolve  the 
important  physical  processes  adequately.  In 
Figure  9  the  S/N  ratio  increases  roughly 
linearly  with  the  number  of  macroparticles, 
with  a  best-fit  slope  of  approximately  1/2, 
while  the  output  power  is  essentially 
independent  of  particle  number,  as  it  should 
be.  This  result  strongly  suggests  that  the 


simulated  noise  in  the  low  noise  state  is  due  to  numerical  density  fluctuations,  the  amplitude  of 
which  tend  to  scale  as  the  inverse  square  root  of  the  number  of  macroparticles  used  in  the 
simulation;  if  the  noise  were  numerical  (diode)  shot  noise,  one  would  expect  the  slope  of  the  line 
to  be  =  1.  Quite  remarkably,  the  use  of  just  over  500  particles  (~  30  per  wavelength  !)  is 
sufficient  to  compute  the  output  power  with  reasonable  accuracy  in  this  particular  case. 


In  simulations  of  the  noisy  state,  the  computed  S/N  ratio  typically  rises  slowly  up  to  a  point  and 
then  fluctuates  about  an  average  value  as  the  number  of  simulation  particles  is  changed,  as  shown 
in  Figure  10,  while  the  computed  rf  output  power  again  remains  insensitive  to  the  macroparticle 
count.  This  result  lends  support  to  the  view  that  the  fluctuations  seen  in  the  noisy  state  are  due 
to  physical  phenomena  within  the  tube,  and  are  not  numerical  artifacts. 


Figure  9:  S/N  ratio  and  rf  output  power  as  functions  of 
simulation  macroparticle  count,  in  the  quiet  state. 


The  low  noise  states  illustrated  in  Figures  5 
and  6  used  primary  emission  exclusively.  We 
have  so  far  been  unsuccessful  in  producing 
similar  low  noise  states  with  the  code  using  a 
BeO  cathode  operated  near  the  end  of  its  V-I 
characteristic.  All  other  parameter  values  in 
the  BeO  simulations  (magnetic  field, 
dimensions,  etc.)  were  identical  to  those  used 
in  the  runs  using  primary  emission  only. 
Typically,  in  the  BeO  case,  the  S/N  ratio 
stays  largely  unchanged  as  the  ‘emission  limit’ 
is  approached  and  the  tube  simply  goes  open 
circuit  as  the  cathode  voltage  is  raised.  The 
ratio  of  cathode  current  to  total  emitted 
current  approaches  a  value  of  about  0.24  at 
the  emission  limit,  significantly  below  the 
value  of  0.56  observed  in  the  low  noise  state 
of  Figures  5b  and  6b.  One  interesting  question 
is,  how  much  secondary  emission  can  be  added 
to  low  noise  simulations  using  primary 
emission  before  the  low  noise  state  is  spoiled  ? 
The  answer  to  this  question  is  presently  under 
investigation. 
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Abstract 

Improved  analytic  formulas  for  the  magnetron  characteristic  curves  (V  vs.  I  and  P  vs.  I  for  fixed 
B)  are  derived  using  the  authors  guiding  center  fluid  model.  It  is  shown  that  if  the  anode  voltage 
V,  the  Hartree  voltage  Vh,  and  the  rf  voltage  Vrf  satisfy  the  inequality  \V  -  Vh\  <  Vrf  then 
the  anode  current  is  directly  proportional  to  the  rf  voltage.  Under  these  (typical)  conditions, 
explicit  expressions  for  the  V-I  and  P-I  relations  may  be  obtained.  The  new  equation  for  V  vs. 
I,  which  differs  significantly  from  the  classical  relation  of  J.  Hull,  predicts  that  current  is  drawn 
to  the  anode  for  voltages  both  above  and  below  the  Hartree  voltage,  in  direct  contradiction  with 
the  traditional  view  of  magnetron  operation;  this  result  is  closely  related  to  the  fact  that  the 
gain  in  a  crossed-field  amplifier  is  an  even  function  of  the  difference  between  the  phase  velocity 
of  the  wave  and  the  drift  velocity  of  the  electrons,  when  space  charge  effects  are  small.  A  new 
expression  is  given  for  the  Hartree  voltage  that  includes  the  effect  of  the  spce  charge  in  the  spoke. 
It  is  also  shown  that  the  best  quantitative  agreement  between  the  new  formula  and  experimental 
measurements  of  magnetron  V-I  curves  is  obtained  when  the  hub  density  is  taken  to  be  about  1/2 
of  Brillouin  density. 


Magnetrons,  the  earliest  developed  sources  of  high  power  coherent  radiation,  have 
remained  the  least  well  understood.  The  complications  in  magnetron  theory  stem  from 
the  various  time  scales  involved  in  the  wave-particle  interaction,  the  high  space  charge,  and 
the  fundamentally  two  dimensional  nature  of  the  instability:  the  growth  rate  is  tied  to  the 
field  gradients  (both  DC  and  AC  )  transverse  to  the  wave  propagation  direction.  Among 
other  differences,  magnetrons  convert  potential  energy  to  radiation,  opposed  to  the  rest  of 
the  unbound  electron  devices  (traveling  wave  tubes,  cyclotron  masers,  free  electron  lasers) 
which  convert  kinetic  energy.  Furthermore,  it  has  been  recently  demonstrated,  that,  in 
the  low  gain,  low  space  charge  regime,  the  gain  curve  is  symmetric  relative  to  frequency 
detuning  from  synchronism;  most  other  devices  exhibit  antisymmetric  gain  vs.  detuning. 

The  first  theoretical  efforts  in  parametrizing  high  power  magnetron  operation  resulted 
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in  the  scaling  laws^,  introduced  by  Slater  (1943)  and  documented  by  Collins  (1948).  In 
effect  they  comprise  a  set  of  similarity  transformations,  aiming  at  extrapolating  the  oper¬ 
ation  parameters  for  a  desired  tube  from  an  existing  design.  The  next  systematic  effort  on 
theoretical  modeling  was  undertaken  by  J.  F.  Hull  (1958).  That  model  follows  the  E  x  B 
drift  motion  in  the  spokes^’^  and  is  based  on  the  following  assumptions  (i)  a  cathode  layer 
(hub)  in  Brillouin  equilibrium  (ii)  a  hub  top  that  is  treated  as  a  perfect  conductor  forming 
a  “virtual  cathode”  for  the  RF  cavity  modes  (iii)  a  spoke  charge  treated  as  a  point  charge 
q  (iv)  a  synchronous  condition  imposed  always  at  the  same  fixed  location  (“synchronous 
base  point”)  in  the  A-K  space. 

The  magnetron  characteristic  curves  obtained  in  Refs.  2-3,  relating  the  DC  anode 
current  I  and  the  RF  power  P  to  the  applied  DC  voltage  V  at  given  RF  frequency,  are  of 
the  form 

I  =  AV{V-  Vs)^  (1) 

P  =  BV  {V-Vs)^[l  +  C  -  Vs)]  (2) 

The  current  I  is  positive  for  current  reaching  the  anode.  The  constants  A,  B  and  C  depend 
only  on  the  anode  circuit  parameters,  vane  geometry  and  RF  frequency,  while  Vs  is  the 
synchronous  (Buneman-Hartree)  voltage,  inducing  E  x  B  velocity  at  the  top  of  the  hub 
that  matches  the  RF  phase  velocity.  One  of  the  least  satisfying  features  of  Eqs.  (l)-(2) 
is  that  both  anode  current  and  RF  gain  go  to  zero  when  the  resonance  condition  V  =  Vs 
is  met.  In  addition,  the  operation  voltage  V  is  a  double- valued  function  of  the  current  I 
according  to  (1);  there  exist  two,  nearly  symmetric  operation  voltages  around  Vs  at  the 
same  current  I,  as  shown  in  Fig.  1.  Yet  magnetrons,  and  the  related  crossed-field  amplifiers 
(CFA’s),  are  known  to  exhibit  stable  operation  with  single  valued  V  —  I  characteristics 
well  below  Vs,  which  cannot  be  accounted  by  (l)-(2).  Current  cut-off  is  also  observed  at 
voltages  above  the  B-H  voltage;  Eq.  (1)  provides  no  current  cut-off  on  the  high  voltage 
side. 


New,  improved  formulas  for  the  magnetron  characteristic  curves,  free  of  the  previous 
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Figure.  1  Schematic  illustration  of  the  magnetron  interaction  space.  X  and  Y  are  the  GC 
coordinates  in  the  frame  moving  with  the  wave  phase  velocity.  The  spoke  profile  shown 
corresponds  to  perfect  synchronism  and  neglecting  spoke  charge  fields. 


0  S  10  ts 

Figure  2  Typical  magnetron  V-I  curve  according  to  earher  results,  given  by  Eq.  (1), 
against  experimental  operation  points  (X’ s),  taken  firom  Ref.  2,  Fig  6.44  (Litton  4J52  at 
Ql  =  166). 
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shortcomings,  are  derived  in  the  present  work  by  applying  a  systematic  guiding  center 
approach,  without  making  use  of  the  assumptions  (i)-(iv)  employed  in  earher  work.  Fluid 
equations  following  the  GC  orbits  have  already  been  developed  and  applied^"^  in  the  study 
of  CFA’s;  results^  from  the  numerical  implementation  of  the  model  are  in  good  agreement 
with  the  characteristic  curves  for  the  SFD  262  tube.  For  steady-state  magnetron  operation 
the  equations  can  actually  be  solved  analytically,  taking  advantage  of  the  uniformity  and 
periodicity  around  the  tube. 


The  GC  fluid  model  treats  the  cathode  electron  layer  (hub)  as  a  “passive”  source  of 
the  spoke  charge.  The  hub  density  is  prescribed  and  the  hub  height  is  obtained  from  the 
density  and  the  A-K  voltage  subject  to  zero  cathode  field  (space-charge  limited  emission). 
The  spoke  charge  and  current  are  obtained  self-consistently  from  the  hub  density  and  the 
incompressible  GC  flow.  Energy  exchange  with  the  cavity  modes  takes  place  through  the 
GC  motion  in  the  spokes,  while  cyclotron  rotation  effects  average  out.  Both  DC  and  AC 
spoke  charge  effects  are  self-consistently  included.  The  synchronous  (B-H)  voltage  Vg  is 
redefined  by  including  the  DC  component  of  the  spoke  potential.  The  “loaded  cavity” 
mode  profiles,  including  the  AC  spoke  potential,  are  approximately  modeled  through  an 
amplitude  boost  factor  A  and  a  constant  phase  shift  preserving  the  similarity  with 
the  vacuum  solutions.  All  the  spoke  charge  related  quantities  are  obtained  by  expanding 
the  exact  formal  solutions  in  powers  of  I'/Vi  around  the  unperturbed  (zero  space  charge) 
profiles,  where  u  =  ns/nh  is  the  ratio  of  the  effective  spoke  density  to  hub  density. 


At  steady-state  the  current  through  a  spoke  is  constant  and  equal  to  the  current  drawn 
at  the  spoke  base.  The  current  is  determined  by  the  flow  of  the  GC  streamlines,  and  the 
spoke  topology  depends  on  the  departure  from  synchronism.  By  exhausting  all  possible 
topologies  it  has  been  proven®  that  there  exists  a  synchronous  operation  range  around  V^, 
of  width 


V  ,  sinh{kD) 

K  “  -  y,  kD 


(3) 


where  D  is  the  A-K  gap.  In  that  range  the  spoke  base-width  remains  constant  and  equal 
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to  half-wavelength  despite  the  changes  in  the  details  of  the  streamline  topology.  The 
spoke  current  assumes  a  maximum,  saturated  value  that  is  simply  proportional  to  the  AC 
amplitude 

T  ^  sinh(kd) 

"  “  £  ’  £  “  mn  sinh{kD)  ’ 

where  Uh  is  the  hub  charge  density  and  0  =  eBo/m  is  the  cyclotron  frequency.  The 
constant  £  is  a  “hybrid  impedance” ,  connecting  DC  current  to  AC  amplitude.  The  extent 
of  the  saturation  range  increases  with  increasing  AC  amplitude  Vi,  as  the  tolerance  to 
detuning  increases  with  increasing  RF  bunching  action.  The  power  balance  equation  at 
steady-state  is  given  by 

1  Yl. 

Q  2Z 

The  left-hand-side  is  the  loss  rate  for  the  energy  stored  in  the  cavity,  Q  being  the  loaded 
cavity  Q,  and  the  total  cavity  impedance  is  Z  =  where  ^/Lc/Cc  is  the 

impedance  for  each  of  the  N  anode  segments^.  The  power  transfer  in  the  right-hand  side 
is  the  integral  over  the  interaction  space  where  M  =  Nf2  is  the  number  of  spokes,  J  the 
spoke  current  density,  A  is  the  operation  wavelength  and  b  is  the  axial  height  of  the  cavity. 
Expressing  the  current  J  in  terms  of  the  GC  velocities  in  the  frame  moving  at  the  phase 
velocity  one  obtains 

1  V? 

dX  E{X).  (6) 

Because  current  conservation  through  the  spoke,  4(X)  =  E  has  been  factored  outside  the 
integral  in  the  rhs  of  (6) ,  and 

I  =  ME  (7) 


is  the  total  anode  current  from  M  spokes.  The  efficiency  is  defined  as  77  =  (power  into 
AC)  /  (supplied  DC  power).  Using  P^c  =  VI  where  I  is  the  total  anode  current,  and  Eq. 
(6),  it  follows. 
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Expression  (8)  shows  that  the  energy  transferred  from  each  electron  to  the  AC  field  equals 
the  change  in  the  GC  potential  energy  between  the  top  of  the  hub  X  =  d  and  the  GC 
location  X  =  D  =  D  —  p  when  the  electron  strikes  the  anode.  Higher  order  efficiency 
corrections  from  the  kinetic  energy  of  the  RF-induced  E  x  B  drift  are  given  in  Ref.  6. 


(9) 

(10) 


where  the  “radiation  resistance”  R  is  given  by 


{C/Mf 

2r}QZ 


(11) 


Notice  that  R  is  proportional  to  the  square  of  the  impedance  C/M  from  M  spokes  connected 
in  parallel,  divided  by  the  interaction  impedance  Z.  Spoke  charge  effects  enter  the  efficiency 
T],  the  B-H  voltage  and  the  effective  AC  field  A.  It  turns  out  that  the  effective  spoke  density 
u  can  be  computed  from  the  profile  of  an  unperturbed  (zero  self-field),  symmetric  spoke 
in  perfect  synchronism.  The  spoke  self-field  parameters  A,  ^  and  are  then  obtained  by 
expanding  the  perturbed  by  the  space  charge  flow  around  the  symmetric  spoke  profile  in 
powers  of  I'/Vi.  A  and  p  are  tabulated  as  functions  of  the  cyclotron- to-rf  frequency  Q/u> 
and  the  normalized  A-K  gap  kD  in  Ref.  6. 


Expression  (11)  is  a  non-linear  Ohm’s  law  because  R  depends  among  other  factors  on 
the  A-K  voltage  V.  In  the  synchronous  range  the  dependence  of  R  on  V  is  weak,  coming 
from  the  dependence  of  the  hub-height  d  on  the  A-K  voltage 

V=:^nhd(D-^)  +  ^pnhwiD-  df  (12) 

and  the  dependence  of  rj,  A  and  p  on  the  hub  height.  The  synchronous  hub  height  ds 
corresponds  the  phase  velocity  equal  to  the  E  x  B  velocity  at  the  hub  top.  Prom  E(d)  = 
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Wprf  where  =  enh/com  is  the  hub  plasma  frequency  follows 


-  0(fcrc  +  na;/a;|)- ' 

where  u  =  27r/,  /  is  the  7r-mode  frequency  in  Hz,  and  the  7r-mode  wavenumber  k  —  2^ /2a 
with  a  the  vane  period.  Cylindrical  effects  are  included  only  in  the  definition  of  the 
through  the  cathode  radius  re,  due  to  the  sensitivity  of  the  resonance  condition  to  detunig. 
Expansion  of  (11)  around  Vh,  by  expanding  £  around  the  synchronous  hub  height  ds, 
results  in  the  new  “linearized”  characteristics  to  replace  (l)-(2) 

y  V  -Vh 

„  Vi  ^  I-I,^ 

P  =  Vs^[l  +  a—-^],  (15) 


Ps  =  VsVhIs  =  VsRsI^  = 

its 

where  I  is  in  Amperes,  V  in  Volts  P  in  Watts,  a,  (3  are  dimensionless. 


(d  =  VH 


d  /,  1 


dV\  R 


a  =  P 


(the  analytic  formulas  for  (16)  are  given  in  Ref.  6)  and  Rs  is  given  in  Ohms 


R.  = 


1  2  sinh?{kD) 

AneoVp)  2ri  Q  {kb^u^M'^hisirihiikds)' 


All  subscripted  quantities  (s)  are  computed  at  the  B-H  voltage  Vr,  given  by 


VH=Ue\2  -  (kD 


kdss  i’  _ 


{kD  -  kd, 


where  Vp  =  uj/k  is  the  phase  velocity  and  the  synchronous  kinetic  energy  Uo  is  given  by 
Uo  =  (meap/2)  (6.241418  x  10^*  Volt/Joule)  Neglecting  cylindrical  effects  kve  ^  oo  in 
and  taking  the  Brillouin  density  limit  =  D?  one  gets  from  (18) 

Vh  =  uJ{2  ^  -  1)  +  ^  V  ii,(^kD  -  V],  (19) 

JDq  z  uj  j 

where  Bo  =  nieCVp/ eD  Gauss.  The  first  bracketed  term  in  the  rhs  is  the  famihar  expression^ 
for  Vh,  while  the  second  carries  the  spoke  charge  contribution.  The  precise  value  of  Vfr  is 
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higher  than  the  B-H  value  based  merely  on  the  hub  charge.  The  dynamic  impedance  is 
defined  by  the  slope  of  the  V-I  curve  (14), 


Rs 

~  dl  ~  1  +  p' 


(20) 


The  projected  lower  current  cut-off  voltage,  given  by 


K  =  (1  -  l/^)Vff, 


(21) 


falls  well  below  the  B-H  voltage.  The  above  equations  hold  within  the  synchronous  voltage 
range  characterized  by  the  maximum  achievable  spoke  current  at  given  AC  voltage.  When 
operating  outside  the  limits  (3)  the  departure  firom  synchronism  restricts  the  spoke  width 
and  hmits  the  current  that  reaches  the  anode.  The  narrowing  of  the  current  channel  must 
be  taken  into  account  to  obtain  exact  location  of  the  current  cut-off  votages  14  above  and 
below  Vh- 

The  theoretical  results  firom  (14)-(19)  are  compared  with  the  V-I  curves  for  two  tubes, 
Litton  4J50  at  Q=208,  Fig.  3a,  and  Litton  4J52  at  Q=282,  Fig.  3b.  The  experimental 
points,  taken  respectively  from  Figs.  6.42  and  6.44  in  Ref.  2,  are  marked  by  X’s.  The 
various  solid  curves  correspond  to  different  hub  densities  (normalized  to  the  Brillouin 
density).  The  theory  assumes  constant  hub  density  along  each  characteristic.  Though  a 
different  density  yields  the  best  match  for  each  tube,  the  optimum  densities  generally  fall 
between  0.45nB  and  O.SSn^.  This  is  taken  to  imply  that  the  hub  density  is  not  close  to  the 
Brillouin  density,  a  frequently  made  assumption,  but  in  fact  quite  smaller.  The  comparison 
between  theory  and  the  experimental  P-I  curves  is  given  in  Figs.  4a,  and  4b  for  the  same 
tubes  as  in  Figs.  3.  Again,  the  experimental  points  are  taken  respectively  firom  Figs.  6.27 
and  6.28  in  Ref.  2.  The  hub  density  yielding  the  best  V-I  fit  also  yields  the  best  P-I  fit. 

The  fact  that  a  particular  density  choice  yields  good  agreement  between  theoretical 
predictions  and  experimental  results  for  various  characteristic  curves  strengthens  the  va¬ 
lidity  of  the  present  approach.  It  is  further  encouraging  that  the  optimum  density  choices 
for  two  tubes  of  different  designs  all  fall  close  to  half  the  (nominal)  Brillouin  density. 
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-x"  - 

^  ^  0.55 

Figure  3  Theoretical  V-I  curves  (solid)  vs.  experimental  data  (X’s)  for  (a)  Litton  4J50 
at  Q=208,  and  (b)  Litton  4J52  at  Q=282.  Different  curves  in  each  plot  correspont  to 
different  choices  of  the  hub  density  Ph/PB,  as  marked. 
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Figure  4  Theoretical  P-I  curves  (solid)  vs.  experimental  data  (X’s)  for  (a)  Litton  4J50 
at  Q=208,  and  (b)  Litton  4J52  at  Q=282.  Different  curves  in  each  plot  correspont  to 
different  choices  of  the  hub  density  Ph/PB,  as  marked. 


1 


A  similar  average  density  is  found  in  PIC  simulations  of  high  power  CFA’s,  using  the  code 
MASK. 

Abandoning  the  Brillouin  equilibrium  picture  for  the  hub  marks  a  break  from  the 
traditional  approaches.  At  high  power  operation  the  spoke  cannot  be  considered  as  a 
perturbation  of  a  pre-existing  Brillouin  flow;  rather,  it  is  the  RF  action  that  determines, 
to  a  large  extend,  the  hub  density.  While  the  approximation  of  a  uniform  density  cathode 
layer  is  still  admissible,  the  steady-state  hub  density  should  be  determined  by  the  balance 
between  the  current  emission  from  the  cathode  (secondary  or  thermionic)  and  the  spoke 
current  drawn  at  the  hub  top.  For  simplicity,  the  hub  is  presently  treated  as  a  “black  box” 
of  prescribed  density;  the  latter  is  validated  by  comparison  with  experiments. 

A  main  result  from  the  GC  fluid  model  is  that  the  operation  range  for  magnetrons  (as 
well  as  CFA’s)  is  centered  around  the  (B-H)  voltage  Vh',  flnite  AC  power  and  anode  current 
are  drawn  at  synchronism  V  =  Vh-  Although  zero  gain  at  synchronism  applies  to  other 
microwave  devices  (TWT’s,  FEL's),  it  has  been  recently  shown  experimentally^“^  and 
theoretically^°“^^  that  the  low  space  charge,  small  signal  operation  exhibits  symmetric  gain 
vs.  voltage  detuning  V —Vh-,  with  maximum  gain  at  resonance.  The  symmetry  is  broken  at 
high  power,  high  space  charge  operation,  but  the  fact  remains  that  magnetrons  operate  well 
below,  as  well  as  above,  the  Hartree  voltage.  The  range  of  below-synchronism  operation 
becomes  more  extended  when  the  spoke  charge  effects  are  included  in  the  definition  of  the 
Hartree  voltage;  that  pushes  Vh  to  higher  values,  moving  synchronism  further  up  from  the 
low  voltage  current  cut-off"  point. 

Further  comparisons  with  a  larger  variety  of  experimental  data  will  determine  whether 
the  new  equations  can  become  a  useful  analytic  tool,  providing  zeroth-order  scaling  laws  for 
magnetron  design.  The  applicability  of  previously  introduced  “scaling  laws”  for  magnetron 
operation  is  limited  between  similar  tube  designs:  in  essence,  one  reproduces  variations  of 
an  existing  design.  The  present  approach  allows  performance  evaluation  from  “scratch” , 
without  any  reference  to  existing  tube  performance. 
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Abstract 

The  transmitted  current  in  a  crossed-field  gap  has  been  characterized  analytically 
by  a  number  of  authors.  Using  a  one  dimensional  PIC  simulation^  we  explore  the 
behavior  of  the  crossed-field  diode  at  For  mono-energetic  (cold)  emissionj 

a  rapid  reduction  of  transmitted  current  is  observed  when  the  injected  current  exceeds 
the  critical  current  by  just  1%.  Addition  of  a  small  electron  temperature  normal  to 
the  cathode  ehminates  the  transition,  even  for  kT/V  ^  (U  ==  10  kV,  gap  —  1  cm, 
B  =  337  G,  J  =  1.69  A/cm^),  while  an  isotropic  velocity  distribution  accelerates  the 
transition. 


I  Accepted  for  publication  in  Physics  of  Plasmas. 
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Crossed-field  planar  and  cylindrical  electron  diodes  were  first  studied  analytically  and 
experimentally  by  Hull  over  70  years  ago  [l].  The  noise  properties  near  cutoff  have  been 
studied  by  Pollack  [2]  and  Van  Duzer  and  Whinnery  [3].  The  Hull  cutoff  is  well  known;  a 
summary  appears  in  [4],  drawing  upon  the  work  of  Pollack.  See  also  [5]  and  the  references 
therein. 

Recently,  Lau,  Christenson,  and  Chernin  revived  the  study  of  the  smooth-anode  crossed- 
field  diode  [6].  Their  analytic  limiting  current  curve  for  planar  diodes  complements  some  of 
the  older  works  [2]-[4].  Their  limiting  current  analysis  was  for  cold  current  injection,  with 
electron  velocity  u  ^  0  at  the  cathode. 

This  work  is  concerned  with  the  critical  point  in  the  planar  crossed-field  diode.  The 
critical  point  occurs  at  the  Hull  cutoff,  B  =  BhuIu  injected  current  at  the  limiting 

(critical)  current,  J  =  Jc-  For  an  idealized  cold  cathode,  the  Hull  cutoff  can  be  written 

Bhuu  =  "^yJ^eV/m  +  ul  (1) 

where  Uq  is  the  electron  velocity  at  the  cathode,  V  is  the  gap  voltage  and  d  is  the  gap  width. 

At  the  Hull  cutoff,  the  limiting  current  is  given  by  =  9/47r  [2,  6],  where  Jcl  is  the 

Child-Langmuir  limiting  current  for  an  unmagnetized  diode  with  gap  d  and  applied  voltage 


2.e6kTe 

1  -I - ^  -f  .. 


(2) 

9ym/2e  (d  —  Xm)  \  / 

where  kTe  is  the  electron  temperature  at  the  cathode,  Vm  is  the  minimum  in  potential,  and 
Xm  is  the  distance  of  the  minimum  measured  from  the  cathode  [7]. 

The  behavior  of  the  smooth-electrode  crossed-field  diode  at  the  critical  point  has  been 
characterized  using  PDPl  (Plasma  Device  Planar  1-dimensional)  [8],  a  one-dimensional  elec¬ 
trostatic  particle-in-cell  (PIC)  simulation.  During  verification  of  the  limiting  current  de¬ 
scribed  by  Lau  [6] ,  we  discovered  that  the  transmitted  current  at  the  critical  point  was  very 
sensitive  to  the  electron  velocity  at  the  cathode.  In  particular,  a  strong  dependence  on 
electron  temperature  and  isotropy,  injection  current,  and  magnetic  field  was  observed. 

In  this  study,  the  anode  voltage  is  V  =  10  kV,  and  the  gap  width  is  d  =  1  cm.  The 
voltage  source  is  an  ideal  battery  of  zero  impedance  connecting  the  anode  to  the  cathode. 
The  code  requires  a  non-zero  initial  velocity  for  the  injected  electrons  in  order  to  avoid  a 
singularity  in  charge  density  at  the  cathode.  The  initial  velocity  is  Mq  =  4.2  •  10®  m/s,  or  1/2 
eV,  small  compared  to  the  anode  voltage.  The  resulting  Hull  cutoff  is  BhuU  =  337  G. 

Ccise  A.  For  injected  electron  current  J  <  Jc,  the  diode  is  stable  and  all  electrons  are 
transmitted  across  the  gap.  Selected  results  for  the  critical  point  are  shown  by  the  solid 
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curves  in  Fig.  1.  The  flow  is  laminar;  each  electron  follows  the  same  trajectory  in  phase 
space,  and  there  are  no  measurable  oscillations  in  the  current,  potential,  or  electron  density. 
The  transmitted  current  is  equal  to  the  injected  current,  up  to  Jc-  At  the  critical  point, 
the  potential  profile  showed  the  spatial  dependence  $  (x)  jV  —  .  In  contrast,  the 

potential  profile  of  an  unmagnetized  current-limited  diode  ( J  =  Jcl)  is  proportional  to 

Case  B.  Increasing  the  injected  current  to  1%  above  the  critical  value,  the  behavior 
changes  dramatically,  as  shown  by  the  dashed  curves  in  Fig.  1.  The  temporal  development 
of  the  current  and  potential  follow  that  of  the  Case  A  xmtil  about  33  ns.  Note,  however,  that 
the  space  charge  in  the  gap  exceeds  that  of  Case  A  (Fig.  le).  At  33  ns,  the  current  undergoes 
a  rapid  transition,  dropping  to  10%  of  the  critical  current.  The  transition  occurs  in  about 
Ttran  =14  US,  and  the  transmitted  current  remains  at  Jc/10.  Since  fcTtran  =  13.2,  where  fc  is 
the  gyrofrequency,  the  transition  is  quite  rapid.  The  flow  is  laminar  prior  to  the  transition, 
and  becomes  turbulent  after  (see  Fig.  Id;  later  in  time  the  hole  in  phase  space  collapses). 
The  transmitted  current  and  potential  exhibit  oscillations  at  the  cyclotron  frequency  during 
the  transition,  which  die  out  when  the  transition  is  complete.  The  noise  level  in  the  current 
increases  significantly  after  the  the  transition  (Fig.  la).  The  potential  profile  in  this  case 
is  proportional  to  so  substantially  more  space  charge  is  stored  in  the  gap  due  to  the 

recirculated  electrons. 

Case  C.  At  injected  currents  l.OlJc  <  J  <  Jcl  —  47rJc/9,  the  behavior  is  similar  to 
Case  B.  The  duration  of  the  transition  and  magnitude  of  the  final  transmitted  current  are 
relatively  insensitive  to  the  injected  current.  The  onset  of  the  transition  occurs  between 
3.2-5.3  ns  for  J  >  l.lJci  compared  to  33  ns  at  J  =  l.OlJc.  At  currents  above  Jcl^  the 
post-transition  transmitted  current  declines  slightly.  The  spatial  and  temporal  evolution  is 
similar  to  Case  B  shown  in  Fig.  1. 

Case  D.  Next,  the  injected  electrons  were  given  a  small  anisotropic  temperature,  fcTg  = 
1/10  eV,  normal  to  the  cathode,  in  addition  to  a  |  eV  drift.  The  perpendicular  temperature 
was  zero.  Since  kTe  -C  V,  the  change  in  BhuU  due  to  the  electron  temperature  is  negligible. 
This  thermal  distribution  has  no  effect  on  Case  A,  but  at  J  =  l.OlJc  (Case  B)  the  transi¬ 
tion  is  does  not  occur;  the  diode  exhibits  stable,  laminar  behavior.  The  diode  remains  in 
this  state  indefinitely.  Furthermore,  the  diode  is  also  stable  when  retaining  the  anisotropic 
temperature,  but  eliminating  the  ^  volt  drift  term. 

Case  E.  Finally,  an  isotropic  electron  temperature,  kTg  =  1/10  eV,  was  applied  to  the 
injected  electrons  for  Case  B.  The  combination  of  the  isotropic  temperature  and  the  |  eV 
drift  results  in  onset  of  the  current  transition  in  about  5  ns.  The  diode  starts  to  oscillate 
much  like  a  virtual  cathode  at  about  10  ns,  with  a  temporally  decaying  amphtude.  A  hole 
forms  in  X  —  Vx  phase  space  at  the  onset  of  the  instability,  much  like  Fig.  Id.  This  hole 
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translates  spatially,  gradually  collapsing  by  100  ns.  In  the  absence  of  the  drift  component  of 
the  injected  electron  velocity,  the  behavior  is  the  same. 

For  B  <  Bhuu  the  transition  is  not  observed;  instead,  perturbing  the  current  above  the 
limiting  value  produces  virtual  cathode  oscillations  (see  Birdsall  [4]).  The  oscillations  can  be 
damped  by  a  modest  electron  temperature  at  the  cathode,  although  a  higher  temperature 
is  required  than  for  the  effect  reported  here  at  B  =  BhuU-  For  B  >  B^uih  current  is 
transmitted,  and  no  critical  current  is  defined.  Perturbing  the  magnetic  field  by  +1%  for 
Cases  A  and  B  results  in  a  turbulent,  cutoff  flow  described  by  Christenson  [9].  The  behavior 
is  not  affected  by  the  modification  of  the  emitted  electron  velocity  distribution  function. 

Rapid  reduction  of  transmitted  current  is  observed  for  a  smooth-electrode  vacuum  crossed- 
fleld  diode  at  the  Hull  cutoff  when  the  injected  current  exceeds  the  critical  current.  The 
electron  velocity  distribution  at  the  cathode  plays  a  crucial  role  in  the  evolution  of  the 
transmitted  current.  Modifying  the  injection  velocity  distribution  with  a  small  anisotropic 
thermal  component  normal  to  the  cathode  eliminates  the  transition,  while  a  small  isotropic 
thermal  component  causes  more  rapid  onset  of  the  transition.  The  post-transition  transmit¬ 
ted  current  is  about  10%  of  the  maximum  transmitted  current  at  the  critical  point,  nearly 
independent  of  the  injected  current.  The  fluctuation  level  in  the  post-transition  current  (Fig. 
la)  1®  sigmflcantly  higher  than  that  in  the  laminar  diode  due  to  the  turbulence  in  phase  space 

(Fig.  Id). 
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Abstract:  A  simple  model  is  constructed  to  analyze  the  temporal  evolution  of  a 
multipactor  discharge  in  an  rf  cavity.  The  multipactor  current  may,  transiently,  reach  a  level 
comparable  to  the  wall  current  that  is  needed  to  sustain  the  rf  field.  It  saturates  at  a  much 
lower  level  in  the  steady  state,  primarily  by  its  loading  of  the  cavity;  the  image  space  charge 
force  associated  with  the  multipactor  electrons  plays  a  relatively  minor  role.  At  saturation, 
the  electron  impact  energy  equals  the  lowest  value  that  gives  unity  in  the  secondary  electron 
yield  curve.  A  new  phase  focusing  mechanism  is  also  discovered,  whereby  the  leading  edge 
of  the  multipactor  discharge  grows  at  the  expense  of  the  trailing  edge,  in  spite  of  the  mutual 
repulsion  among  the  electrons.  This  phase  focusing  mechanism  may  shape  die  steady  state 
multipactor  discharge  in  the  form  of  a  very  tight  bunch  of  electrons. 


Multipactor  is  a  well  known  phenomenon  of  rf  breakdown  in  microwave  cavities, 
windows,  satellite  rf  payloads,  and  accelerator  structures  [1-5].  When  an  AC  electric  field  exists 
across  a  gap,  an  electron  from  one  surface  is  accelerated  toward  the  other  surface,  the  impact 
upon  which  may  release  more  than  one  electron  by  secondary  emission.  It  is  easy  to  see  that  if 
the  electron  transit  time  across  the  gap  equals  to  h^f  of  the  rf  period,  a  resonmit  discharge  could 
result. 


The  persistence  of  multipactor  discharge  requires,  at  the  minimum,  stabiUty  in  the  phase 
of  the  electron  orbit  with  respect  to  the  rf  cycle  [1,4].  Vaughan  [1]  established  this  phase 
stability  for  a  multipactor  electron  that  is  subject  to  an  rf  electric  field  of  constant  amplitude. 
The  assumption  of  a  constant-amplitude  rf  electric  field  omits  the  important  processes  of  loading 
and  detuning  of  the  rf  cavities  as  the  multipactor  current  grows.  The  latter  processes  may  lead  to 

the  saturation  of  the  multipactor  current.  Moreover,  as  the  space  charge  builds  up,  Vaughan'a 
phase  focusing  [1]  may  be  destroyed  by  the  mutual  electrostatic  repulsion  among  the  multipactor 
electrons.  It  is  conjectured  [1]  that  the  multipactor  current  may  saturate  when  the  electrostatic 
repulsion  is  about  to  overcome  the  phase  focusing  that  is  obtained  from  the  consideration  of 
single  particle  orbit.  In  this  paper,  we  use  a  simple  model  to  address  these  issues,  the  analysis  of 
which  yields  interesting  information  on  the  multipactor  saturation  level,  the  saturation 
mechanism,  the  time  scde  over  which  multipactor  evolves,  and  possibly  the  drastic  transient 
growth  of  multipactor  current  before  the  steady  state  solution  is  reached.  We  also  find  the 
surprising  result  that  the  electrostatic  repulsions  among  the  space  charges  are  insufficient  to 
saturate  the  multipactor.  Rather,  the  repulsions  are  overcome  by  a  new  phase  focusing 
mechanism  that  makes  the  leading  multipactor  electrons  grow  at  the  expense  of  the  trailing  ones. 
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For  simplicity,  we  shall  use  a  one  dimensional  model  where  the  multipactor  occurs  inside 
a  planar  gap  [Fig.  1].  The  gap  separation  is  D  and  the  gap  voltage  is  Vg(t).  We  shall  first 

consider  a  single  electron  sheet  of  surface  density  c  to  model  the  multipactor  electrons  which 
move  across  this  gap.  Upon  impact  on  a  gap  surface,  a  new  electron  sheet  is  generated  by 
secondary  emission.  We  assume  that  the  voltage  Vg  that  drives  the  multipactor  is  provided  by  an 
rf  cavity.  This  cavity  is  modelled  by  an  RLC  circuit  [Fig.  1],  with  a  corresponding  quality  factor 

Q  and  characteristic  frequency  cOq  =  1/VLC.  As  the  multipactor  electron  sheet  moves  inside  the 
gap,  it  induces  a  wall  current,  Imft),  which  loads  the  RLC  circuit.  Thus,  the  present  model  allows 
for  the  progressive  loading  and  detuning  of  the  cavity  as  the  multipactor  current  builds  up  [Fig. 

1].  This  loading  in  turn  modifies  the  electron'^  energy  and  phase  at  impact. 

Hereafter,  we  shall  use  dimensionless  quantities  with  the  following  normalization  scales: 
D  for  distance,  (Oq  for  frequency,  l/cOo  for  time,  v  =  ©qD  for  velocity,  U  =  mv^  for  energy,  V  = 
U/e  for  voltage,  E  =  V/D  for  electric  field,  S  =  £oE  for  surface  charge  density,  Y/Z  for  current. 
Here,  m  is  the  electron  mass,  e  =  1.602  x  Coulomb,  e©  is  the  free  space  permittivity,  and  Z 

=  Vlvc  is  the  intrinsic  impedance  of  the  RLC  circuit.  The  RLC  circuit  is  driven  by  the 
normalized  ideal  current  source  Id,  and  by  the  multipactor  current  Im-  Its  normalized  gap  voltage 
Vg  evolves  according  to  the  circuit  equation  [Fig.  1]: 

2 

dt  Q  dt  ®  dt 

where  Ido  is  the  amplitude  of  the  driver  current  of  normalized  frequency  ©,  and  ^  is  the  phase  at 

time  t  =  0.  We  set  ©  =  1  in  this  paper  (i.e.,  resonantly  driven). 

The  normalized  multipactor  current  Im  is  given  by 

lm(t)  =  -0(t)^.  (2) 

where  a  is  always  positive,  by  convention.  Equation  (2)  accounts  for  the  induced  current  as  a 
result  of  the  motion  of  the  electron  sheet  within  the  gap,  0  <  x  <  1.  It  is  this  term  that  is  solely 
responsible  for  the  non-linear  beam  loading  and  frequency  detuning  of  the  cavity  by  the 
multipactor,  as  readily  seen  from  Eq.  (1)  and  Fig.  1. 
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During  its  transit  across  the  gap,  the  electron  sheet  is  accelerated  according  to  the 
normalized  force  law, 


_  =  Vg+G.(x--),  (3) 

where  the  first  term  on  the  right  hand  side  represents  the  force  due  to  the  gap  voltage  and  the 
second  term  the  force  due  to  the  image  charge  (of  the  multipacting  electron  sheet)  on  the  plates 
[6]. 


On  impact  with  a  plate  at  time  ti,  the  incident  electron  sheet  is  removed  and  a  new  sheet 
of  surface  charge  is  released  by  secondary  emission.  The  post-impact  surface  charge  density 

a(ti’)is  related  to  the  pre-impact  charge  density  a(tj')by 


G(tf)  =  5*G(ti  ),  (4) 

where  6  is  the  coefficient  of  secondary  emission  which  depends  on  the  electron  impact  energy, 
Ei-  Here,  Ej  =  (dx/dt)^  /  2,  evaluated  at  t  =  tf.  For  simplicity,  we  adopt  Vaughan's  empirical 
formula  [7]  for  6: 

S  =  5(Ei)  =  8„„(we‘-'")^  (5) 

In  Eq.  (5),  Smax  is  the  maximum  value  of  6,  a  =  Ej/Emax  .  Emax  being  the  impact  energy  which 

yields  bmax  ,  and  k  =  0.62  for  a  <  1  and  k  =  0.25  for  a  >  1.  Equation  (5)  is  ploted  in  Fig.  2, 

which  shows  that  6  =  1  at  two  values  of  impact  energies,  Ei  and  E2.  The  lower  energy  Ei  is 

designated  as  the  "first  cross-over  point".  For  simplicity,  in  writing  Eq.  (5),  we  have  ignored  the 

(small)  threshold  impact  energy  that  is  required  for  6  >  0. 


Fig.  2:  Secondary  electron  yield,  5,  as  a  function  of  impact  energy  Ej. 

To  reduce  the  number  of  parameters,  we  assume  that  the  driver  current  Id  has  been  turned 
on  for  all  time  so  that  the  cavity  is  already  filled  with  rf  for  t  <  0.  The  multipactor  current  is 

"turned  on"  at  t  =  0,  in  the  form  of  an  electron  sheet  with  initial  surface  charge  density  Gq  that  is 


276 


released  from  the  plate  x  =  0,  with  zero  velocity  [8].  We  assign  a  sufficienUy  low  value  of  (Jq  to 

observe  the  buildup  of  the  multipactor  current.  The  initial  phase  f  [Eq.  (1)]  at  which  Gq  is 
launched  is  chosen  so  that  this  initial  electron  sheet  strikes  Ae  other  plate  in  about  half  an  rf 
cycle.  In  most  cases  we  run,  the  precise  values  of  these  initial  data  are  not  critical.  Our 
simulations  thus  far  have  been  restricted  to  two-surface,  first-order  multipactor  [1],  i.e,  an 
electron  released  from  one  surface  always  strikes  the  other  surface  without  momentarily  stopping 
within  the  gap.  The  major  free  parameters  are;  Q  and  I(io»  after  having  fixed  ~  >  Emax 

=  0.36,  and  co  =  1.  [In  dimensional  units,  if  the  rf  cavity  has  a  natural  frequency  of  1  GHz,  and  a 
gap  separation  of  0.22  cm,  over  which  multipactor  occurs,  these  parameters  correspond  to  an 

ideal  rf  driver  current  exactly  at  1  GHz,  the  first  cross-over  point  Ei  =  166  eV,  and  6  reaches  a 
maximiiim  value  of  1.2  when  the  impact  energy  is  Emax  =  400  eV .] 

Shown  in  Fig.  3a  is  the  multipactor  current,  monitored  at  impact,  in  units  of  the  driver 
current  amplitude  Ido,  for  Q  =  1, 10, 100, 1000.  The  very  low  value  of  Q,  e.g.,  Q  =  1,  is  included 
in  our  study  to  show  the  trend  of  multipactor  in  a  non-resonant  structure  -  one  that  is  relatively 
immune  to  beam  loading,  such  as  a  window.  In  all  of  these  runs,  we  fix  the  peak  rf  gap  voltage 
at  a  value  of  0.3  prior  to  t  =  0.  The  fraction  of  rf  power  consumed  by  the  multipactor,  <- 
VgIm>/<VgId>,  is  shown  in  Fig.  3b.  Here  <  >  denotes  the  average  over  the  transit  time  of  an 
electron.  Note  that  in  a  high  Q  cavity,  transientlv.  the  multipactor  current  may  reach  a  level 
higher  than  the  drive  current  Id  DFig.  3a],  and  at  the  same  time  draw  much  of  the  power  provided 
by  the  external  source  [Fig.  3b].  Alternatively,  the  rf  energy  stored  in  a  high  Q  cavity  is  capable 
of  driving  the  multipactor  current  to  a  large  amplitude  when  the  condition  becomes  favorable.  Ip. 
this  regard,  it  is  interesting  to  recall  the  well-known  fact  [1,2]  that  multipactor  can  deposit 
considerable  energy  into  a  tiny  spot,  and,  as  a  result,  causes  significant  damage  to  the  surface. 


Fig.  3;  (a)  Transient  evolution  of  multipactor  current  at  impact,  in  units  of  the  drive  current 
amplitude  I<,o,  for  various  values  of  quality  factor,  Q. 

(b)  Time  history  of  the  power  consumed  by  multipactor,  in  units 
of  the  input  power,  at  various  values  of  Q. 

The  fact  that  the  curves  for  the  multipactor  current  [Fig.  3a]  follow  the  corresponding 
ones  for  power  dissipation  [Fig.  3b]  suggests  that  a  multip^tor  discharge  behaves  a  lot  more 
resistively  than  reactively,  eVen  during  its  nonlinear,  transient  interaction  with  the  rf  circuit. 
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Note,  however,  that  the  equivalent  resistance  is  a  function  of  time,  since  the  multipactor  current 
may  change  over  a  wide  range,  as  shown  in  the  Q  =  1000  case  in  Fig.  3a,  while  the  gap  voltage 
remains  relatively  constant  during  the  buildup  of  the  multipactor  current  [Fig.  4a].  For  each 
curve  displayed  in  Fig.  3,  a  steady  state  is  indeed  reached  after  a  sufficiently  long  time  (longer 
than  that  shown  in  Fig.  3  for  the  Q  =100  and  Q  =  1(XX)  cases).  In  these  runs,  regardless  of  die 
values  of  Q,  the  steady  state  multipactor  current  ranges  between  5  to  20  per  cent  of  the  driver 
current.  Thus,  if  20  watts  of  rf  power  would  be  required  to  maintain  a  steady  gap  voltage  on  the 
order  of  300  volts,  the  steady  state  multipactor  would  consume  about  1-4  watts.  However,  for  a 
high  Q  cavity,  all  20  watts  of  the  external  power  may  transiently  go  to  the  multipactor.  If  the  the 
spatial  extent  of  the  multipactor  region  is  very  small,  the  power  density  delivered  to  the  gap 
surface  by  the  multipactor  electrons  could  be  very  high.  [See  Ref.  10  below.] 

Throughout  the  transient  development  of  the  multipactor,  the  peak  rf  gap  voltage  in  each 
cycle  changes  relatively  little,  for  either  the  Q  =  1  case  or  the  Q  =  1000  case  [Fig.  4a].  The 

secondary  emission  coefficient  5  also  stays  around  unity  [Fig.  4b],  in  fact,  in  the  vicinity  of  the 
first  cross-over  point  (Ei)  in  Fig.  2.  A  simple  physical  argument  shows  that  only  the  first  cross¬ 
over  point  El  in  Fig.  2  gives  the  stable  steady  state  solution  [9].  Our  numerical  results  show  that 
the  impact  energy  indeed  approaches  Ei  asymptotically  in  time.  We  have  spot-checked  that  the 
steady  state  values  of  the  gap  voltage,  of  the  electron  impact  phase  in  the  rf  cycle,  and  of  the 
surface  charge  density,  are  all  in  good  agreement  with  those  obtained  from  our  analytic 
formulation  [11]. 


Fig.  4:  (a)  Evolution  of  the  peak  gap  voltage,  Vg(max),  and  of  the  gap  voltage  at  the  instant  of 
electron  impact,  Vg(impact),  for  Q  =  1  and  Q  =  1000. 

(b)  Evolution  of  the  secondary  electron  yield,  5. 


In  the  present  formulation,  multipactor  affects  its  own  evolution  in  two  ways:  through  its 
"beam  loading"  of  the  cavity  [described  by  Im  in  Eq.  (1)]  and  through  the  image  space  charge 

force  [described  by  the  last  term  in  Eq.  (3)].  It  turns  out  that  as  long  as  Q  >  10,  the  beam 
loading  effect  is  far  more  important  than  the  space  charge  force  in  determining  the  saturation 
level  of  the  multipactor  current  [10].  The  disparity  of  their  relative  importance  becomes 
increasingly  more  pronounced  as  Q  increases,  as  lugh  Q  cavities  can  be  more  readily  loaded  by  a 
multipactor  current.  This  also  explains  the  sensitivity  in  the  high  Q  cavities,  as  exhibited  in  Fig. 
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3.  This  figure  gives  the  tantalizing  clue  that,  in  reality,  the  rf  energy  stored  in  high  Q  cavities 
may  relax  via  a  multipactor  discharge,  albeit  transiently  in  time,  and  locally  in  space  [10]. 

The  single  sheet  model  [Fig.  1]  given  above  may  readily  be  extended  to  two  electron 
sheets  so  as  to  investigate  the  effect  of  mutual  interaction  among  the  multipactor  electrons  [12]. 

We  now  consider  two  electron  sheets,  of  surface  density  Oi  and  02»  located  respectively  at  xj  and 
X2  inside  the  planar  gap  [Fig.  1].  Equation  (1)  remains  unchanged.  Equation  (2)  is  modified  to 
read  Ijn(t)  =  -CT^dx^  /  dt  -  02‘ix2  /  dt .  The  force  law  for  sheet  1  is  modified  firom  Eq.  (3)  to  read 
xi  =  Vg(t)+aj  •(xi  -l/2)  +  a2  •[h(xi  -X2)-(l-X2)],  where  the  last  term,  proportional  to 

02>  represents  the  force  on  sheet  1  due  to  the  presence  of  sheet  2.  It  is  this  term  that  accounts  for 
the  mupial  repulsion  between  the  multipactor  electrons.  In  the  last  equation,  h(o)  is  the  umt  step 

function:  h(G)  =  0,  a  <  0;  h(a)  =  1,  a  >  0;  h(a)  =  1/2,  a  =  0.  The  force  law  for  electron  sheet  2 
is  obtained  from  Aat  for  sheet  1  by  interchanging  indices  1  and  2.  Equations  (4),  (5)  remain 
unchanged  when  applied  to  each  sheet. 


Figures  5a  and  6a  exhibit  the  case  where  both  sheets  are  launched  with  the  same  initial 

charge  density,  Coi  =  0o2»  with  sheet  1  launched  slighltly  ahead  of  sheet  2  at  time  t  =  0  (sheet  1  is 
leading).  Figure  5a  shows  that  although  both  sheets  start  out  with  almost  the  same  impact  energy 
and  the  same  secondary  electron  yield,  sheet  2  always  has  a  lower  yield  (the  trailing  sheet  always 
has  a  lower  impact  energy,  hence  a  lower  yield  when  operating  close  to  Ei).  As  the  charge 
densities  increase,  beam  loading  sets  in  to  reduce  the  secondary  yields  of  both  sheets  to  near 
unity  (drop  in  gap  voltage  leads  to  lower  impact  energies).  After  some  time,  the  repulsion  by 
sheet  1  forces  sheet  2  further  and  further  away  from  the  fixed  phase,  and  the  secondary  yield  for 

sheet  2  decreases  below  unity  [Fig.  5a].  Figure  6a  shows  that  Oi  increases  rapidly,  while  02 

increases  at  a  slower  rate,  then  drops.  Eventually,  the  charge  density  02  on  sheet  2  becomes  so 
low  it  can  be  ignored,  and  the  model  reduces  to  the  single  sheet  model  of  Fig.  1.  By  the  same 
token,  a  model  consisting  of  N  electron  sheets  (N  large)  will  have  its  leading  sheets  growing 
faster  than  the  trailing  sheets,  eventually  quenching  them  one-by-one,  until  only  two  sheets,  then 
one,  is  left  [12].  Thus,  steady  state  multipactor,  if  it  exists,  may  be  adequately  described  by  a 
sin^e  sheet  model. 


(a) 


(b) 


Fig  5:  Secondary  electron  yield  (5i,  §2)  for  sheets  1  and  2  as  a  function  of  time: 

(a)  0o2  *  rtoi,  (b)  0o2  " 
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The  above  cannibalism  mechanism  is  still  operative  even  if  the  trailing  sheet  is  initially 
much  stronger  than  the  leading  sheet.  In  Figs.  5b  and  6b,  the  traihng  sheet  2  is  launched  with  50 
times  the  initial  charge  density  of  the  leading  sheet  1.  Although  the  charge  density  on  sheet  2 
grows  to  a  relatively  high  level  for  some  time,  sheet  1  dominates  in  the  end.  This  arises  as  the 

yield  for  sheet  2  is  forced  to  be  below  unity  [Fig.  5b],  and  02  rapidly  dinunishes  [Fig.  6b]. 
Hence  the  above  process  of  cannibalism  holds,  regardless  of  initial  conditions  [13].  These 

features  are  also  observed  for  6max  [Fig-  2]  as  high  as  5.  Note  however  that  the  initial  conditions 
and  space  charge  forces  do  affect  the  timing  of  the  multipactor.  A  slab  of  a  finite  width  may 
reach  the  steady  state  more  rapidly  than  a  single,  infinitessimally  thin  sheet. 


(a)  (b) 

Fig  6:  Charge  density  (di,  da)  on  sheets  1  and  2  and  the  total  charge  density  dx  =  di  +  G2' 

(a)  do2  =  cJoi,  (b)  do2  =  50  doi. 


While  the  above  rudimentary  analysis  provides  some  quantifications  on  the  temporal 
evolution  of  multipactor,  we  have  not  re^y  addressed  other  tiieoretical  issues  involving  the 
accessibility  of  the  steady  state  multipactor  solutions  and  the  possible  conversions  from  the  first 
order  to  higher  order  multipactors.  It  must  also  be  remembered  that  multipactor  is  known  to 
depend  a  great  deal  on  the  geometry,  on  the  processing  and  conditioning  of  the  rf  structure,  on 
the  cleaniness  and  condition  of  the  surface,  on  the  duration  and  power  level  of  the  rf  pulse,  and 
on  the  external  magnetic  field,  etc.  Nevertheless,  our  simple  model  does  yield  the  following 
conclusions:  (a)  Steady  state  multipactor  discharge  occurs  when  the  rf  voltage  is  of  the  order  of 
the  first  cross-over  energy  (Ei,  in  Fig.  2),  confirming  the  prevailing  notion  that  multipactor  is  a 
low  to  medium  voltage  phenomenon,  (b)  There  are  two  phase  focusing  mechaiusms  in 
multipactor  -  one  described  in  by  Vaughan  [1]  and  Riyopoulos  et  al.  [4]  and  the  other  one 
described  above.  These  phase  focusing  mechanisms  may  shape  the  steady  state  multipactor  in 
the  form  of  a  very  tight  bunch  [14].  (c)  Multipactor  saturates  in  an  rf  cavity  as  a  result  of 

loading;  the  space  charge  force  of  the  mititipacting  electrons  is  insignificant  to  alter  the  phase 

condition  or  the  saturation  condition  whenever  Q  >  10.  (6)  The  rf  energy  stored  in  a  high-Q 
cavity  may  lead  to  a  large  build-up  of  multipactor  current  in  a  transient  mmner.  (e)  The  peak  gap 
voltage  need  not  be  appreciably  r^uced  during  the  buildup  of  the  multipactor  current. 
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Abstract 

Recent  studies  of  cylindrical  crossed-field  diodes  indicate  that  the  dimension(s) 
transverse  to  the  gap  may  play  a  role  in  delaying  onset  of  virtual  cathode  oscillations 
for  currents  above  the  limiting  current  [2].  Transverse  space  charge  effects  in  smooth 
diodes  can  result  in  fields  which  warm  the  electrons  in  both  the  transverse  and  longi¬ 
tudinal  components  of  velocity.  Thermal  emission  of  electrons  damps  virtual  cathode 
oscillations,  as  shown  by  Birdsall  [3].  The  effects  of  the  transverse  dimension  are  ex¬ 
plored  using  two-dimensional  planar  PIC  codes.  The  simulations  confirm  that  the 
transverse  direction  does  delay  the  onset  of  virtual  cathode  oscillations. 
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1  Introduction 


Lau,  Christenson  and  Chernin  [1]  have  re-interpreted  the  Hull  cutoff  as  the  limiting 
current  for  a  planar  crossed-field  diode.  The  cutoff  is  well  known;  a  summary  is  given 
in  the  text  by  Birdsall  and  Bridges  [3].  Recently,  Verboncoeur  and  Birdsall  [5]  performed 
one-dimensional  simulations  confirming  the  Hull  cutoff  as  the  limiting  stable  current  for  a 
space-charge  limited  planar  diode,  and  examined  the  rapid  reduction  of  transmitted  current 
for  injection  currents  above  the  current  limit  at  the  Hull  cutoff.  In  examining  the  limiting 
current  in  cylindrical  diodes  of  one  and  two  dimensions,  Gopinath  et  al.  [2]  noted  a  transverse 
space  charge  effect  which  appeared  to  damp  virtual  cathode  oscillations  for  currents  in  excess 
of  the  limiting  current. 

In  this  paper,  the  preceding  works  are  extended  to  two-dimensions,  and  the  issues  of 
numerical  and  physical  instability  are  investigated.  In  particular,  we  examine  the  role  of  the 
transverse  dimension  in  delaying  onset  of  virtual  cathode  oscillations.  PDPl  and  PDP2  were 
the  Id  and  2d  PIC  (particle  in  cell)  codes  used  in  this  study.  They  are  available  electronically 
via  the  Internet  [6]. 


2  Theory 

The  critical  point  occurs  at  the  Hull  cutoff,  B  =  BhuIU  with  the  injected  current  at  the 
limiting  (critical)  current,  J  =  Jc-  For  cold  emission  the  Hull  cutoff  can  be  written: 


BhxUI  — 


m  {2eV  I 


(1) 


where  uq  is  the  electron  drift  velocity  at  the  cathode,  V  is  the  gap  voltage,  d  is  the  gap 
width,  and  e  and  m  are  the  electron  charge  and  mass,  respectively. 

At  the  Hull  cutoff,  the  limiting  current  is  given  by  JJJcl  —  9/47r,  where  Jcl  is  the 
unmagnetized  Child-Langmuir  limiting  current: 


Jcl  = 


460  (1/-I4,)i/  2.mkT, 
gyg  (d  -  I,  e(V  -  V„)  ■ 


(2) 


Here  kTe  is  the  electron  temperature  at  the  cathode,  Vm  =  mul/2e,  the  initial  electron 
drift  energy,  and  Xm  is  the  position  of  the  minimum  in  potential.  The  potential  minimum 
occurs  at 


~d 


(3) 
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Pericxiic  Boundary 


3  Unmagnetized  Child  —  Langmuir  Diode  and 

Numerical  Noise 

The  first  simulation  was  done  with  =  0  and  J  =  When  the  particles  were 

injected  at  random  positions  in  y,  significant  Ey  fields  were  generated.  This  caused  den¬ 
sity  fluctuation  and  heating  in  Vy.  To  establish  this  as  a  real  phenomenon,  the  number  of 
computer  particles  used  in  the  simulation  was  increased,  thus  decreasing  the  number  of  real 
electrons  each  one  represents.  The  variance  of  Ey  is  plotted  as  a  function  of  the  number 
of  computer  particles  injected  per  grid  per  time  step  in  Figure  2.  This  shows  the  variance 
(noise)  of  the  system  proportional  1/ \/W^,  where  Nc  is  the  number  of  computer  electrons. 
For  a  real  system  with  these  parameters,  10®  times  as  many  electrons  would  be  present.  Ex¬ 
trapolating  the  trend  shown  in  Figure  2  to  the  physical  number  of  electrons  in  the  system. 
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L2  norm  of  Ey  with  random  loading 
--I--  l2  norm  of  Ey  with  equally  spaced  loading 

- fit  to  equally  spaced  loading  -  slope  of  -.5 

. fit  to  random  loadina  -  slooe  of  -.5 


number  of  particles  per  grid  per  time  step 


Figure  2:  The  variance  of  the  Ey  is  plotted  as  a  function  of  the  number  of  computer  particles 
injected  per  grid  per  time  step.  The  uniform  (quiet)  load  uses  the  right  scale  and  the  random 
load  uses  the  left  scale.  The  error  bars  represent  the  observed  maximum  and  minimum  values 


of  the  LP'  norm  of  Ey  in  time. 
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04  J  Injected 


Physical  Parameters 

V 

10  kV 

^Ox 

4.2  X  10®  m/s 

.0337  T 

Jc 

-  16.9  kA/m'-^ 

X  length 

.01  m 

y  length 

.01  m 

Numerical  Parameters 

Number  of  grids  in  x 

400 

Number  of  grids  in  y 

16 

At 

5  X  10“^®  sec 

Table  1:  Simulation  Parameters 

one  finds  the  fluctuations  in  field  decrease  to  a  negligible  level. 

To  reduce  the  noise  in  the  system,  particles  are  injected  uniformly  across  the  cathode. 
This  is  often  referred  to  as  a  “quiet”  injection.  The  number  of  particles  injected  is  an  integral 
multiple  of  the  number  of  grid  cells.  The  fluctuation  level  is  shown  in  Figure  2  as  a  function 
of  the  number  of  particles  injected  per  grid  per  time  step.  The  quiet  load  uses  the  right 
scale  and  the  random  load  uses  the  left  scale.  This  brings  the  fluctuation  down  to  a  level 
that  would  be  observed  if  10®  times  as  many  electrons  were  injected  randomly  along  the 
cathode.  Using  the  quiet  load,  the  Ey  fluctuations  are  reduced  and  the  resulting  heating  of 
the  electrons  is  negligible.  Thus,  the  observed  transverse  effects  were  numerical  artifacts  of 
the  statistical  nature  of  the  simulation. 

4  Critical  Current  Injection  at  Hull  Field 

A  static  magnetic  field  is  applied  perpendicular  to  the  diode  gap  in  the  z-direction  as 
shown  in  Figure  1.  The  common  parameters  for  these  simulations  are  shown  in  Table  1.  The 
injection  current  is  varied  from  Jc  to  l.OfiJc- 

The  2d  results  obtained  here  are  compared  to  the  Id  results  obtained  by  Verboncoeur[5]. 
For  an  injected  current  of  Jc  the  results  are  the  same.  The  current  as  a  function  of  time 
(Figure  3)  and  phase  space  (Figure  7)  are  almost  identical  to  the  Id  results  (Figure  15  and 
16).  The  phase  space  plot  shows  that  the  electrons  do  not  have  a  turning  point,  v^.  =  0,  thus 
the  anode  current  is  equal  to  the  injected  current.  The  number  of  particles  as  a  function 
of  time  is  steady.  The  LJ  norm  of  Ey  is  also  small,  reflecting  the  lack  of  variation  in  the 
y-direction. 

When  the  current  is  raised  2  percent  above  the  critical  current  the  result  does  not  have 
a  Id  analog.  The  norm  of  Ey,  Figure  5,  shows  variation  in  the  y-direction.  However  the 
electron  phase  space.  Figure  7,  looks  very  much  like,  J  =  1.02Jc  case.  This  allows  the  diode 
to  have  a  time  independent  solution  with  low  noise  and  no  oscillations.  Thus,  this  allows 
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the  critical  (Jc)  current  to  be  transmitted.  One  possible  explanation  is  when  the  Hull  diode 
undergoes  a  transition  to  virtual  cathode  oscillations,  an  instability  in  the  y-direction  warms 
the  electrons  and  stabilizes  the  diode  before  it  becomes  turbulent.  The  transmitted  current 
in  this  case  is  the  critical  current  predicted  by  Equation  2,  which  is  less  than  the  injected 
current.  This  indicates  formation  of  a  virtual  cathode  reflecting  a  portion  of  the  electron 
population  back  to  the  cathode.  The  electrons  reflected  must  have  directed  energy  normal 
to  the  cathode  less  than  the  virtual  cathode  potential,  i.e.  <  eV{xjn)- 

Increasing  the  current  by  4  percent  above  the  critical  value,  Jc,  the  current  ramps  up  to 
the  critical  value  as  in  the  first  case  and  remains  stable  for  about  5  ns.  During  this  time, 
the  space  charge  density  in  the  gap  is  gradually  increasing.  The  transmitted  current  then 
makes  a  rapid  transition  to  a  new  mean  value  that  is  about  10  percent  of  the  critical  current. 
The  current  exhibits  either  a  noisy  or  oscillatory  behavior,  with  fluctuations  of  a  few  percent 
of  the  mean  value.  This  is  also  shown  in  the  number  of  computer  particles.  Figure  4.  The 

norm  of  Ey  is  small  until  this  transition  occurs  then  it  rapidly  increases,  as  shown  in 
Figure  5.  The  increase  of  the  LJ  norm  indicates  that  the  system  has  some  2d  structure.  The 
electron  phase  space.  Figure  8,  recorded  after  the  transition  to  turbulence  has  taken  place 
shows  a  complex  structure,  with  electrons  traveling  in  both  directions.  The  void  in  the  center 
of  phase  space  fills  in  completely  at  longer  times.  Even  though  this  simulation  has  variation 
in  the  y-direction  the  macroscopic  measured  current  is  the  same  as  the  Id  simulation  that 
went  through  a  current  transition. 


5  Thermal  Injection 


The  injected  electrons  were  given  a  small  isotropic  temperature,  kT^  =  .1  eV,  in  addition 
to  a  0.5  eV  drift.  Since  kTc  <C  V,  the  change  in  Bff^i  due  to  the  electron  temperature  is 
negligible.  Equation  2  predicts  the  addition  of  a  thermal  spread  to  the  emitted  electrons 
increases  the  Child-Langmuir  current  limit  for  the  diode,  with  commensurate  increase  of  the 
critical  current  at  Bffuu-  However,  the  2d  diode  exhibits  stability  for  injected  currents  much 
larger  than  Jc.  This  is  in  contrast  to  the  Id  results  [5],  which  demonstrated  stability  with 
anisotropic  emission  temperature  (ui),  but  instability  for  isotropic  emission  temperature. 
The  thermal  stabilization  of  the  unmagnetized  diode  was  described  by  Birdsall  and  Bridges 
[3].  Figures  9-14  show  the  stabilized  diode  for  injected  currents  of  1.02Jc  and  1.04Jc- 

Figure  14  shows  an  enlarged  region  close  to  the  cathode.  It  shows  the  formation  of  a 
virtual  cathode  reflecting  a  portion  of  the  electron  population  back  to  the  cathode  only 
transmitting  a  current  equal  to  critical  current,  Jc-  Injection  with  thermal  electrons  does 
not  show  a  fast  transition  to  a  low  current  state  when  the  injected  current  is  a  few  percent 
larger  than  the  critical  current. 
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6  Conclusions 


Numerical  instabilities  must  be  investigated  in  order  to  remove  nonphysical  noise  from 
the  system.  In  particular,  the  diode  stability  is  strongly  influenced  by  noise  in  the  injected 
space  charge  distribution  at  the  cathode.  The  numerical  transverse  injection  effect  can 
be  reduced  to  the  extrapolated  physical  level  using  a  reduced  noise  scheme  which  injects 
electrons  uniformly  spaced  along  the  cathode. 

In  the  absence  of  the  injection  noise,  an  instability  occurs  above  critical  current  which 
heats  the  electrons  in  the  y-direction  so  that  Jc  is  the  current  transmitted.  In  contrast  to 
the  one-dimensional  analog  at  B  =  BhuU  and  J  =  Jc,  the  two-dimensional  system  does 
not  undergo  a  rapid  instability  and  the  associated  current  transition  for  Jc  <  J  <  1.04Jc; 
elsewhere,  it  behaves  like  the  Id  case.  The  second  dimension  allows  an  additional  degree 
of  freedom,  which  allows  relaxation  of  the  space  charge  effects  driving  the  instability  in  one 
dimension. 
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Abstract 

Simulations  of  cylindrical  crossed-field  diodes  for  anode/cathode  radius  ratios  of  2 
and  5  indicate  that  the  limiting  current  curve  in  the  region  B  <  Bh  va.  cylindrical 
diodes  follows  the  planar  theory  and  simulations  very  closely.  Cylindrical  diodes  also 
follow  planar  theory  predicting  transition  to  turbulence  in  the  region  B  >  Bh-  Larger 
radius  ratio  (10,  20)  diodes  show  somewhat  larger  limits.  A  possible  explanation  for 
this  behavior  is  also  examined. 
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1  Background 


Limiting  currents  in  planar  crossed-field  diodes  have  been  studied  for  over  70  years  [1]-  [4] 
for  B  <  Bfjuii-  More  recently,  the  transition  to  turbulence  in  a  cross  field  gap  for  B  >  Bh 
has  been  studied  by  Christenson  et  al.  [5].  While  the  stability  characteristics  of  planar 
crossed-field  diodes  has  been  studied  extensively,  for  both  B  <  Bfjuii  and  B  >  BhuIU  and  for 
mono-energetic  and  thermal  emissions  [5]-  [6],  corresponding  theory  for  cylindrical  systems 
is  somewhat  lacking.  This  study  attempts  to  fill  this  gap  by  conducting  PIC  (particle-in¬ 
cell)  simulations  of  cylindrical  crossed-field  diodes  and  comparing  them  to  planar  theory. 
This  study  is  particularly  significant  in  mapping  the  transition  to  turbulence  in  the  region 
B  >  Bfjuii  as  an  aid  in  the  design  and  operation  of  low  noise  crossed-field  devices. 

1.1  Space  Charge  Limited  Current  in  Cylindrical  Systems 


For  zero  applied  magnetic  field,  we  need  to  solve  the  one  dimensional  Poisson  equation  in 
cylindrical  coordinates 

la  anr).  p{r) 

rar'  dr  ’  €  '  ' 


where  V{r)  is  the  local  potential  and  p{r)  is  the  local  charge  density.  The  kinetic  energy 
gained  by  a  charged  particle  of  mass  m,  charge  e  and  velocity  u,  accelerated  through  a 
time-independent  potential  drop  V  is  given  by  (particle  starting  at  V  =  0  =  u) 


—mv^  =  eV.  (2) 

The  current  density  J{r)  inside  the  system  can  be  written  in  terms  of  the  charge  density 

and  velocity  as 

J{r)  =  p{r)v(r).  (3) 

It  should  be  noted  here,  that,  unlike  the  planar  case,  J(r)  =  I/{2Trrl)^  is  not  a  constant 
across  the  system.  Equation  (1)  can  be  rewritten  as 

+  (4) 

r  dr  2Trrle  y  2ey (r) 

Langmuir  and  Blodgett  [8]  noticed  the  similarity  between  equation  (4)  and  the  planar  case 
and  found  a  solution  for  JlBi  the  space  charge  limited  current  density,  as 

y3/2  A 

Jlb  =  2.335  X  i0-®-^(— )  (5) 

TcTaP  m2 

where  Vp  is  the  anode  potential,  is  the  anode  radius  and  Tc  is  the  cathode  radius.  The 
Langmuir-Blodgett  factor  varies  with  r  and  is  tabulated  for  different  radius  ratios  in  [2], 
[8]  and  [9] 
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1.2  Hull  Cutoff  in  Cylindrical  Systems 


The  magnetic  field  Bh  required  such  that  an  electron  emitted  from  rest  from  a  cathode  will 
barely  graze  the  anode  is  given  by  [2] 


Bh  = 


jSm  Vp  1 
e  ra(l-r2/r2)' 


This  equation  reduces  to  the  form  given  by  Hull  [1]  for  the  special  case  where  (r^/r^)  <  1. 

1.3  Limiting  Current  Theory  for  Planar  Systems  (B  <  Bh) 

The  critical  current  density  that  can  be  transmitted  (Jc)  at  any  value  of  magnetic  field 
between  0  and  Bh^  for  a  planar  crossed-field  diode  has  been  worked  out  by  Lau  et.  al. 
[4]  and  Pollack  [7].  The  relationship  between  normalized  value  of  the  transmitted  current 
density  {Jc/ Jcl)  and  the  normalized  magnetic  field  (B/Bh)  is  given  by 

A  =  ? _ 


where 


BIBh 

ll  -  (BIBh) 


and  X  =  h(y)  is  obtained  by  inverting  the  function 

y  =  f{x)  = 

f  ^(sin~^(x)  -  xVl  -  x2)  0  <  1/  <  I  (9) 

1  +  cos“^(a:)  -  x\/l  -  x"^)  |  <  y  <  oo 

Equation  (9)  shows  that  the  value  of  the  normalized  limiting  current  varies  continuously 
from  1,  at  zero  magnetic  field  to  9/47r  near  Hull  cutoff,  and  is  the  solid  line  in  the  region 
B  <  BhuU  in  Figure  1. 


1.4  Transition  to  Turbulence  in  a  Crossed-field  Gap  {B  >  Bh) 

Christenson  et  al.  [5]  have  analyzed  the  transition  to  turbulence  in  a  planar  crossed-field 
gap  in  the  region  B  >  Bh.  The  analytical  theory  predicting  the  transition  for  zero  emission 
velocity  is  given  by 

T  Q  R  ^  R  2 

Planar  simulations  conducted  by  these  authors  agreed  with  the  theory.  Recently,  the  authors 
have  extended  their  theory  to  include  non-zero  injection  velocities  [10]. 
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Figure  1:  Comparison  between  critical  injected  currents  found  in  cylindrical  simulations 
with  those  from  planar  theory  (normalized  to  Langmuir-Blodgett  and  Child’s  Law  Currents, 
respectively) 
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2  Discussion  of  Results 


ld3v  {r,Vr,vg,Vz)  PIC  simulations  in  cylindrical  coordinates  were  done  using  XPDCl  [11]. 
The  cathode  cylinder  (electron  emitter)  was  the  inner  conductor  and  anode  cylinder  was  the 
outer  conductor,  held  at  a  positive  voltage  with  respect  to  the  cathode.  Runs  were  conducted 
for  Ta/rc  ratios  of  2,  5,  10  and  20  in  order  to  study  the  behavior  in  small  and  large  radius 
ratio  regimes.  For  all  these  cases,  the  cathode  radius  was  held  at  0.01  m.  The  cathode 
was  modeled  as  an  electron  emitter  emitting  particles  with  initial  drift  energy  0.5  eV,  at  a 
given  current  density.  For  all  these  runs,  the  anode  was  held  at  a  DC  potential  of  10^  V. 
Theoretical  values  of  J^b  and  Bh  from  equations  (5)  and  (6)  respectively  were  used  as 
starting  points  for  the  simulations.  Numerous  runs  were  conducted  to  locate  accurately  the 
value  of  the  injected  current  density  above  which  the  system  exhibited  oscillatory/turbulent 
behavior.  The  magnitude  of  this  current  density  for  zero  magnetic  field  was  considered  (and 
found)  to  be  Jql  (planar)  and  Jbb  (cylindrical)  for  the  particular  radius  ratio  and  was  used 
as  the  normalizing  factor.  Similarly,  Bh  was  considered  to  be  the  value  of  the  magnetic  field 
above  which  no  laminar  flow  was  present.  In  all  these  runs,  the  simulated  values  of  Jlb  were 
within  2%  the  theoretically  calculated  values.  The  simulated  value  of  Bh  differed  from  the 
theoretical  value  by  less  than  0.1%. 

The  results  of  simulations  for  all  four  radius  ratios  is  given  in  Figure  1.  For  r^/rc  ratios 
of  2  and  5,  Jd  Jlb  near  cutoff  (R  =  Bh)  was  very  close  to  9/47r  as  predicted  in  the  planar 
model.  Therefore,  equation  (9),  represented  by  the  solid  line,  was  numerically  calculated, 
and  was  used  to  hunt  for  the  critical  current  in  a  manner  similar  to  the  search  for  Jlb-  For 
the  simulated  points,  the  cylindrical  results  track  the  planar  theory  very  closely  for 
ratios  of  2  and  5.  However,  the  transmitted  current  limit  for  larger  radius  ratios  increases 
slightly  over  the  planar  theory  at  higher  magnetic  fields,  transmitting  86%  of  Jlb  3-t  Bh  as 
opposed  to  71.6%  predicted  by  the  planar  theory.  Equation  (10),  labeled  uq  =  0  on  Figure 
1,  is  plotted  for  the  region  B  >  Bh-  The  curve  labeled  uq  =  0.5  eV  was  plotted  using  the 
data  obtained  from  P.  Christenson  and  Y.  Y.  Lau  [10].  It  can  be  seen  the  ra/r<-  ratios  of 
2  and  5  follow  the  planar  theory  closely.  However  the  larger  radius  ratios  exhibit  a  trend 
away  from  the  planar  theory.  These  simulation  results  can  be  used  to  predict  the  transition 
to  turbulence  in  cylindrical  crossed-field  diodes. 

Figure  2  is  a  representation  of  a  cylindrical  and  planar  cross  field  diode.  It  should  be 
noted  here  that  for  both  these  cases,  the  charge  density  inside  the  structure  drops  from  a 
very  large  value  to  a  small  constant  value  within  a  very  short  distance  from  the  cathode  as 
can  be  seen  in  Figure  3  from  simulation  for  Ta/rj.  =  2.  This  surface  is  represented  by  the 
dashed  line  in  Figure  2  and  is  located  at  a  distance  8  from  the  cathode.  Since  ^  is  <C  r-c,  an 
electron  present  in  this  region  "perceives”  the  structure  to  be  planar.  Further,  from  planar 
theory,  it  can  be  shown  that  an  electron  emitted  from  the  cathode  spends  a  relatively  large 
amount  of  time  in  this  region.  If  Tg  be  the  time  spent  in  the  high  charge  density  region,  ry 
be  the  transit  time  across  the  structure  and  d  be  the  length  of  the  diode,  for  the  planar  case. 
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Figure  2:  Planar  and  cylindrical  models  {6  is  a  small  distance  from  cathode) 
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Figure  3:  Spatial  Variation  of  Charge  Density  (Simulation) 
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it  can  be  shown  that  since 


v(x)  = 


2eV  .x.  2 

- (  — )3 

m  ^d’ 


and  the  time  required  to  traverse  a  distance  y  is 


(11) 


ry  dx 
Jo  V 


(12) 


that 


(13) 


It  can  be  seen  here  that  for  Sjd  ~  1/64,  the  electron  will  spend  25%  of  its  lifetime  in  the 
small  region.  Therefore,  for  systems  where  djd  is  larger  i.e.  smaller  radius  ratios,  the  cathode 
region  behaves  like  a  region  of  r^/rc  =  1,  i.e.  planar. 


3  Conclusions 


Simulations  of  transmitted  current  in  cylindrical  (coaxial)  crossed-field  diodes  show  close 
agreement  with  planar  analytical  theory  for  smaller  radius  ratios.  Further,  the  transition 
to  turbulence  for  the  region  B  >  Bh  was  also  seen  to  follow  planar  analytical  theory. 
These  results  should  be  significant  in  the  study  of  noise  in  crossed-field  devices.  We  have 
attempted  to  explain  this  behavior  by  pointing  out  that  the  region  of  maximum  significance 
for  transmitted  current,  in  smaller  r^/rc  ratio  cylindrical  systems,  is  essentially  planar.  This 
effect  is  further  accentuated  by  the  comparatively  large  amount  of  time  spent  by  the  electrons 
in  this  region. 
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ABSTRACT 


We  show  that  the  classical  Brillouin  density  profile  for  a  magnetron  is  nonlinearly 
umtable  when  a  resonant  RF  wave  is  present  in  the  slow-wave  structure.  The  insta¬ 
bility  arises  from  a  wave-particle  resonance,  usually  called  the  diocotron  resonance. 
The  growth  rate  of  this  instability  is  directly  proportional  to  the  density  gradient 
at  the  edge  of  the  sheath.  Thus  for  the  classical  Brillouin  profile,  where  the  density 
^adient  at  the  edge  of  the  sheath  is  taken  to  be  infinite,  the  growth  of  the  instability 
is  extremely  rapid,  causing  the  density  profile  to  become  significantly  modified  within 
a  few  cyclotron  <ycles.  This  modification  ocaus  as  a  consequence  of  the  quasilinear 
diffusion  of  the  unstable  mode.  The  consequences  of  the  quasilinear  diflrusion  on  the 
evolution  of  the  sheath  is  discussed. 


I  INTRODUCTION 

The  modal  structme  for  linearized  waves  in  a  magnetron  or  a  crossed-field  amplifier 
(CFA)  is  very  sensitive  to  the  profile  of  the  electron  density  at  the  edge  of  the  electron 
sheath  [1].  As  is  well  known,  for  the  classical  Brillouin  density  profile,  no  propagating 
diocotron  mode  can  exist.  Furthermore,  in  the  parameter  regime  at  which  these 
devices  operate  (a;  =  kv^  where  w  is  the  frequency,  k  is  the  wave  vector  and  Vd  is  the 
^ft  velocity  at  the  top  of  the  sheath),  such  a  profile  has  no  unstable  modes.  However 
if  we  replace  the  Brillouin  density  profile  with  a  "ramped”  density  profile  (where  the 
discontinuity  is  replaced  by  a  finite,  but  large,  negative  density  gradient),  then  we  can 
show  that  any  mode  in  the  operating  regime  will  become  weakly  nonhnearly  unstable. 
However  these  weakly  unstable  modes,  in  the  presence  of  the  strong  density  gradient 
at  the  edge  of  the  ramped  density  pro^e,  combine  to  generate  a  quasilinear  diffusion 
[2]  of  order  umty.  Thus  after  a  time  on  the  order  of  a  few  cyclotron  periods,  the 
original  density  profile  can  become  significantly  modified. 

Many  effects  that  can  affect  the  evolution  of  the  electron  sheath.  Most  recently, 
there  has  been  studies  of  space-charge  effects  [3],  limiting  currents  [4]  and  turbulent 
micro-she^hs  [5].  These  will  certainly  influence  the  evolution  of  the  sheath  and  need 
to  be  considered.  However,  here  we  shall  restrict  ourselves  to  the  influences  that  the 
RF  wave  can  exert  on  the  evolution  of  the  sheath. 

The  instabihty  that  we  find  is  in  agreement  with  the  standard  design  criteria  for 
CFA’s  and  ms^etrons.  Current  theory  [2,6-18]  cannot  predict  with  certainty  how 
well  a  new  device  will  operate.  Thus  the  design  and  manufacture  of  magnetrons  and 
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crossed— field  devices  has  remained  as  a  well  developed  art,  simply  because  the  various 
design  rules,  and  why  they  work,  has  not  been  explained  by  any  theory. 

The  standard  operating  procedure  in  the  design  of  a  new  device  is  to  use  the 
various  design  rules  to  extrapolate  into  the  desired  new  parameter  regime  from  the 
known  characteristics  of  current  devices,  and  then  build  a  prototype  based  on  these 
predictions.  The  device  is  tested  and  then  the  design  is  modified,  based  on  the  results 
of  the  tests.  This  is  continued  until  one  has  an  operational  device. 

Numerical  simulations  [19,  20]  have  provided  insights  into  the  operation  of  these 
devices.  However  they  are  plagued  with  an  inability  to  accurately  predict  what  a  given 
device’s  operating  range  will  be,  so  much  so  that  prototyping  is  still  required.  The 
obvious  conclusion  is  that  either  the  simulations  la^  sufficient  statistical  accuracy  or 
else  there  are  poorly  understood  physical  processes  at  play,  which  are  not  included  in 
the  modeL 

The  classical  Buneman,  Levy  and  Linson  (BLL)  theory  of  such  devices  [6]  is 
based  on  a  linear  instability  which,  at  best,  for  the  operating  mode,  lies  deep  inside 
the  electron  sheath  and  does  not  correspond  to  the  parameter  regime  used  by  the 
design  engineers.  The  predicted  instability  is  indeed  there  [2lL  however  it  seems  to 
have  nothing  to  do  with  the  start-up  of  a  CFA  or  magnetron.  The  dominate  effect  of 
the  instability  appears  to  be  to  simply  diffuse  the  edge  of  the  sheath,  with  no  growth 
of  the  desired  mode,  which  exists  in  an  entirely  different  region  of  phase  space. 

In  the  next  section,  we  will  describe  the  basic  equations  that  we  will  use.  We  take 
as  most  fundamental,  the  design  criteria  used  by  the  design  engineers.  This  is  that 
CFA  and  magnetron  operation  involves  a  wave-particle  resonance,  u)  =  kv^  where  (v 
is  the  frequency  of  the  electromagnetic  wave,  k  is  the  wave  vector  in  the  interelectrode 
spacing  between  the  cathode  and  anode,  and  Vd  is  the  electron  drift  velocity  at  the 
top  of  the  electron  sheath.  We  introduce  the  WKB  solution  for  the  linearly  perturbed 
cold-fluid  equations  and  use  it  to  demonstrate  the  well  known  fact  that  the  classical 
Biillouin  profile  has  no  resonant  diocotron  mode.  Then  in  Section  3,  we  present  the 
WKB  solution  of  the  same  equations  where  we  replace  infinite  discontinuity  at  the 
edge  of  the  classical  Biillouin  density  profile  with  a  very  steep  ramp,  but  which  also 
has  a  finite  gradient.  We  then  show  that  the  ramped  profile  will  cause  any  RF  wave 
which  can  satisfy  the  wave-particle  resonant  condition  for  particles  along  the  ramped 
profile,  will  become  we^y  unstable.  In  Section  4,  we  then  calculate  the  growth  rate 
for  such  modes.  This  result  is  then  used  in  the  next  section  to  calculate  the  quasUinear 
difinision  that  arises  as  a  result  of  the  presence  of  such  modes.  We  demonstrate  that 
the  combination  of  the  weak  instability  with  a  very  large  negative  density  gradient 
generates  a  quasilinear  diffusion  at  least  of  the  order  of  unity.  As  a  consequence  of 
this,  one  concludes  that  any  density  profile  with  a  steep  density  gradient  at  the  edge 
of  the  sheath  will  become  rapidly  modified  in  the  presence  of  a  resonant  RF  wave. 
The  implications  of  this  for  the  future  evolution  of  the  sheath  is  then  discussed  in  the 
last  section. 


II  BACKGROUND 

The  geometry  and  configuration  that  we  shall  be  using  is  shown  in  Fig.  1,  which  is  a 
diagram  of  a  "planar  magnetron".  At  the  bottom  is  the  cathode  which  is  an  electron 
emitting  material.  It  is  located  in  the  zz-plane  and  at  y  =  0.  We  take  the  ambient 
magnetic  field  to  be  along  the  negative  z-axis  so  that  the  electron  drift  velocity  will  be 
in  the  positive  x— direction.  Next  to  the  cathode  is  the  electron  sheath  whidi  extends 
out  to  a  distance  of  b  from  the  cathode.  The  anode  is  located  at  a  distance  I  above 
the  cathode. 

The  sheath  forms  adjacent  to  the  cathode.  Using  the  Biillouin  sheath  as  an 
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Figure  1:  The  geometry  and  configuration  of  a  planar  magnetron  or  CFA.  The  mag¬ 
netic  field  is  directed  into  the  paper  and  the  electron  drift  velocity  is  to  the  right. 
The  2-axis  is  perpendicular  to  the  paper,  the  x-axis  is  parallel  to  the  cathode  surface 
and  the  y-axis  is  perpendicular  to  the  cathode. 


example,  it  can  have  a  maximmn  density  where  the  electron  plasma  frequency,  [uj^  = 

(47re^no/m)^/^,  where  e{m)  is  the  electronic  charge  (mass)  and  uq  is  the  electron 
ni^ber  density],  would  equal  the  electron  cyclotron  frequency,  up  to  a  distance,  6, 
with  the  electron  density  being  zero  above  this  value.  The  distance  h  is  determined  by 
the  ^plied  DC  (direct  current)  voltage.  Also,  space-charge-limited  current  condition 
is  assumed  to  exist  at  the  cathode,  which  means  that  the  DC  electric  field  at  the 
cathode  would  vanish.  Thus  we  have  an  electron  density  profile  in  the  shape  of  a  box, 
where  between  the  cathode  and  the  top  of  the  sheath,  Wp  =  D,  and  zero  above  the 
sheath,  up  to  the  anode.  This  model  is  an  approximation  mid  in  actuality,  one  would 
expect  the  real  sheath  to  have  a  ramped  edge  instead  of  an  infinite  discontinuity  at 
the  edge  [22]. 

It  is  quite  straight-forward  to  work  out  the  basic  cold-fluid  equations  describing 
this  physical  system,  which  are 


dtn+  V  -(v  n)  =  0  (1) 

dt  V  +(v  .  V)  u  —  V  «^+  w  X  n=  0  (2) 

=  n  (3) 

In  the  above  equations,  we  have  simplified  the  quantities  by  tsiking  n  to  be  the  electron 
plasma  frequency  squared  and  0  to  be  (e/m)  times  the  electrostatic  potential.  We 
shall  use  this  notation  in  the  remainder  of  the  paper.  Also,  the  velocity  vector  is  in 
the  xy-plane  and  all  quantities  are  independent  of  the  z  coordinate. 

Prom  these  equations,  the  basic  BriUouin  equilibrimn  solution  follows  [23].  The 
sheath  thickness  is  now  determined  once  the  DC  voltage,  V,  at  the  anode  is  specified. 
This  gives 

b  =  I-  -  2y/fi2  (4) 
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The  basic  design  criteria  is  for  the  electron  drift  velocity  at  the  top  of  the  sheath  to  be 
equal  to  the  phase  velocity  of  the  electrostatic  wave.  The  wave  vector,  fc,  is  selected 
by  the  slow-wave  structure.  Then  requiring  these  velocities  to  be  equal,  one  finds 

b  =  u;/(f2fc)  (5) 

In  order  to  achieve  this  sheath  thickness,  one  now  adjusts  the  DC  operating  voltage, 
using  (4). 

Next,  let  us  take  a  small  signal  to  be  impressed  on  this  backgroimd.  Linearizing 
Eqs.  (l)-(3)  about  this  background  and  ta^g  the  perturbed  quantities  to  vary  as 
plane  waves,  one  obtains  a  set  of  linear  ordinary  differential  equations.  Oiie 

now  has  a  choice  of  how  to  reduce  these  equations.  The  most  common  way  [6,  12]  is 
to  eliminate  the  particle  density  and  velocities  in  favor  of  the  electrostatic  potenti^. 
However,  as  we  shall  see  later,  the  dominate  motion  of  the  operating  RF  mode  is 
one  involving  particle  motions,  not  variations  in  the  electrostatic  potential.  Thus  it 
becomes  more  revealing  if  one  concentrates  on  the  particle  velocities  instead  of  the 
potential.  Consequently  we  take  [6,  24] 


II 

(6a) 

dyU  =  Bp 

(66) 

(7) 

kdyTio  2fc^noA^ 

A  Qt^eA 

(8) 

OJe  =01  —  kVQ 

(9) 

vq  =  dy<f>olQ 

(10) 

dy^o  =  no ,  <A)(0)  =  0  =  dy4>o{0) 

(11) 

=  —  no 

(12) 

u  —  —ikvix 

(13) 

p  =  AVXy 

(14) 

In  the  above,  the  subscript  ”0”  indicates  a  background  quantity  and  l^s.  (9)  -  (11) 
gives  the  defiiiitions  for  a  general  (non-Brillouin)  density  profile,  no,  which  we  shall  be 
needing  later,  is  the  frequency  of  the  RF  wave  as  seen  by  the  moving  electron  and 
A  is  the  local  oscillating  fr^equency  for  individual  particles  [25,  22]  which  vanishes 
for  a  Brillouin  flow.  In  (13)-(14),  ui*  and  viy  are  the  x-  and  y-components  of  the 
perturbed  velocity  fields.  The  perturbed  electrostatic  potential,  and  its  derivative 
are  obtained  from  p  and  u  as  follows. 


^  ipA^  itiWg 

“  'W 


(15) 


iQ  iwt. 
dy<i>r  =  y  “  -  -  JP 


The  boundary  conditions  on  (6)  follow  from  the  boimdaay  conditions  on  <i>\.  At  the 
cathode,  whi^  is  grounded,  the  perturbed  potential  must  vanish.  Thus  ^i(p  =  0)  = 
0.  At  the  anode,  one  frequently  uses  the  "smooth-bore”  approximz^ion.  In  this 
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approximation,  one  assumes  that  the  slow-wave  structme  appears  as  a  conducting 
surface  to  the  plasma  RF  wave.  Whence  one  would  tcike  =  1)  =  Q, 

Now,  the  smooth-bore  approximation  only  allows  a  special  class  of  RP  modes, 
whiA  we  shall  call  ” plasma  modes”.  In  general,  the  RF  modes  in  a  crossed-field 
device  will  fall  into  two  classes:  "plasma  modes”  and  "anode  modes”.  By  a  plasma 
mode,  we  mean  an  RF  mode  which  will  be  localized  in  the  region  of  the  sheath  and 
which  is  small  in  the  region  near  the  anode.  Under  these  conditions,  the  smooth-bore 
approximation  is  vaUd.  Such  a  mode  would  also  dominantly  involve  particle  motion. 
By  an  anode  mode,  we  mean  those  RF  modes  which  can  propagate  along  the  slow- 
wave  structure,  whose  energy  is  concentrated  in  the  slow-wave  structure  and  whose 
amplitudes  are  small  in  the  region  of  the  sheath.  It  would  dominantly  involve  the 
electromagnetic  field.  The  slow-wave  structure  is  a  wave  guide  and  it  is  designed  to 
allow  an  RF  wave  to  propagate  along  its  structure  [23]. 

In  actuality,  one  can  use  this  separation  of  modes  only  as  long  as  the  dispereion 
curves  (curves  of  uj  vs.  k)  for  the  plasma  mode(s)  and  the  anode  mode(s)  are  non¬ 
resonant  (do  not  cross).  When  they  are  resonant  and  the  dispersion  cmves  cross,  one 
has  to  use  coupled-mode  theory  [26].  But  one  cannot  use  coupled-mode  theory  if 
there  is  no  plasma  mode  that  resonates  with  the  anode  mode.  Thus  the  first  problem 
is  to  find  a  resonant  plasma  mode.  For  now,  we  shall  use  the  smooth-bore  condition 
since  we  first  want  to  study  the  plasma  modes.  Later,  we  will  include  the  anode 
modes.  Thus  we  take 

<^i(0)  =  0  =  Mi)  (17) 

which  by  (15),  determines  the  ratio  of  u  to  p  at  the  cathode  and  anode. 

For  the  Brillouin  case,  one  can  obtain  the  basic  features  of  the  solution  by  con¬ 
structing  the  WKB  solution  of  (6).  One  has  two  regions,  one  is  inside  the  sbp:^th  and 
other  is  outside  the  sheath.  Outside  the  sheath,  the  solution  is  simply  the  vacuum 
solution.  Inside  the  sheath,  the  quantity  A  can  vary  as  a  function  of  y.  Thus  it  is 
possible  for  A  to  have  a  simple  zero  inside  the  sheath,  which  then  would  give  a  regu¬ 
lar  singul^  point  to  Eq.(6b).  This  singular  point  was  thoroughly  studied  in  Ref.  [6]. 
However,  it  will  be  important  only  for  high  k  which  is  well  outside  of  the  standard 
operating  range  of  such  devices.  Note  that  for  standard  devices,  w  is  usually  less 
than  f2.  Also  at  the  cathode,  a/,,  initially  decreases  as  y  increases  when  a;  >  0.  Tims 
A  cannot  have  a  zero  until  kvo  becomes  at  least  as  large  as  12.  But  this  would  then 
be  outside  of  the  known  operating  parameter  region.  Thus  as  long  as  we  hmit  our 
attention  to  the  design  operating  range,  then  we  can  ignore  the  possibihty  of  zeros 
for  A. 

The  WKB  solution  of  (6)  for  the  physical  parameter  regime  of  a  Brillouin  sheath 
has  been  detailed  in  Ref.  [1].  What  one  finds  is  that  upon  using  the  smooth-bore 
condition  at  the  anode,  there  are  two  sets  of  eigenfrequencies,  and  only  two,  for  eadi 
value  of  k.  These  are  given  by 

(12^  -  tanh[fc(/  -  6)]  -  tanh(A:6)  -1-  tanh[fc(/  -  b)]  tanh(A;6)  =  0  (18) 

where  =  Mv  =  ^)  the  value  of  at  the  top  of  the  sheath.  It  is  a  simple  matter 
to  solve  (18)  for  a;  as  a  function  of  fc,  which  will  give  the  possible  dispersion  curves 
for  these  plasma  modes.  A  plot  of  a;  vs.  k  using  scaled  variables  is  shown  in  Fig.  2 
for  b  =  .3/,  a  typical  value.  Here  the  x-axis  is  kl  and  the  y-axis  is  u>/Q.  The  solutions 
of  Eq.  (18)  are  shown  in  Fig.  2  as  sohd  lines.  The  middle  fine,  which  is  dashed  and 
passes  through  the  origin,  is  the  major  design  criteria,  Wef  =  0.  One  notes  that  the 
solutions  of  (18)  are  far  away  from  this  cinve.  In  other  words,  there  is  no  plasma 
mode  in  the  region  where  these  devices  operate,  when  the  Brillouin  density  profile  is 
used. 

Now  there  aie  density  profiles  which  have  plasma  modes  matching  the  design 
criteria.  The  double— box  (DB)  density  profile  [27]  has  such  a  mode.  The  difficulty 
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Figure  2:  The  resonant  eigenfrequencies,  ojfQ  vs.  kl  per  the  BLL  theory  are  shown 
above  as  sohd  Unes.  The  dashed  line  in  the  middle  is  the  curve  that  is  used  for  the 
design  of  these  devices.  Note  that  the  design  criteria  Ues  well  away  from  the  BLL 
values. 


with  the  DB  model  is  that  there  is  no  explanation  as  to  how  it  could  ever  arise. 
What  is  the  physical  process  which  creates  the  DB  profile?  And  is  this  process  fast 
enough  to  form  the  DB  profile  well  within  one  circuit  of  a  crossed-field  device?  One 
mechanism  by  which  one  could  create  a  DB  profile  could  be  a  nonlinear  diffusion 
process  [2,  24].  However,  such  a  process  requires  a  linear  wave  which  has  a  nonzero 
damping  (or  growth).  Tlie  standard  second-order  (quasihnear)  diflFusion  process  is 
given  by 

dttiQ  +  C2dyno  =  dy{Ddyno)  (19) 

where  C2  is  a  function  of  time,  given  by 


C2 


-  /o  Od,nody 


(20) 


and  D  is  the  quasilinear  diffusion  coefficient,  given  by 

n_  V  2-r.t 


(21) 


where  p,  uje  and  A  are  as  defined  before,  7*  is  the  linear  ^owth  (or  decay)  rate  and 
in  general,  is  a  function  of  k,  as  is  almost  all  the  quantities  in  (21).  As  one  can  see 
from  the  structure  of  D,  clearly  if  the  linear  mode  has  a  dispersion  curve  such  that  Wg 
ra.Ti  be  very  small,  then  D  can  become  unusually  large.  However,  to  contribute  to  D, 
this  mode  cannot  be  stable.  It  must  be,  at  least  slightly  unstable,  because  if  it  was 
perfectly  stable,  then  7^  would  be  zero  and  D  would  vanish.  So,  if  one  is  to  invoke 
this  mechanism  as  a  possible  means  for  generating  a  DB  profile,  then  one  must  first 
find  a  linear  mode  with  an  instability  near  Wg  =  0. 

A  more  realistic  model,  at  least  for  early  times,  would  be  to  replace  the  disconti¬ 
nuity  with  a  ramp,  as  in  Fig.  3.  In  this  way,  one  can  more  closely  model  the  presence 
of  thermal  fluctuations  and  include  the  major  proflle  structure  found  in  a  Vlasov 
model  [28].  However  a  pure  ramped  profile  still  does  not  have  any  plasma  modes  near 
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u}f.  =  0  [1].  Nevertheless,  being  a  more  realistic  model  in  that  it  has  a  finite  density 
gradient,  it  will  be  of  benefit  to  analyze  the  result  of  replacing  a  discontinuity  with  a 
ramp.  For  a  ramp  with  a  very  large,  negative,  density  gradient,  we  find  that  one  can 
easily  obtain  an  asymptotic  series  solution  in  the  region  of  the  ramp.  The  ramped 
density  profile  has  exactly  the  same  eigenmodes  that  the  Brillouin  profile  has,  not  un¬ 
expectedly.  On  the  other  hand,  if  has  a  zero  somewhere  along  the  ramp,  then  one 
finds  that  there  is  a  very  distinct  and  rich  structure  occurring  in  the  solution.  This 
structure  includes  logarithmic  terms  which  can  introduce  imaginary  parts  into  the 
solution.  These  imaginary  parts  will  lead  to  the  eigenfrequency  becoming  complex, 
and  therefore  unstable.  This  entire  structure  is  missed  if  one  assumes  a  discontinuity 
at  the  edge,  as  in  the  Brillouin  profile,  instead  of  a  ramp. 

Although  the  ramped  profile  has  no  plasma  mode  where  =  0  along  the  ramp, 
and  thus  no  additioned  plasma  modes  beyond  those  of  the  Brillouin  profile,  neverthe¬ 
less  a  sharp  ramp  will  very  significantly  affect  any  anode  modes.  Now  the  effect  that 
such  a  ramped  edge  will  have  on  an  anode  mode  is  the  following.  First,  the  ramped 
edge  will  cause  almost  any  anode  mode  to  be  slightly  unstable.  To  demonstrate  this, 
first  note  that  slow-wave  structures  are  designed  so  that  in  the  desired  frequency 
range,  the  resulting  k  will  also  be  in  the  desired  range.  The  desired  range  comes  from 
the  design  criteria  that  should  vanish  at  or  near  the  edge  of  the  sheath.  Although 
the  majority  of  energy  of  an  anode  mode  is  concentrated  inside  the  slow-wave  struc¬ 
ture,  nevertheless,  it  must  still  have  a  fringing  field  that  exists  all  the  way  down  to 
the  sheath,  and  will  to  some  extent,  penetrate  through  the  ramp  of  the  sheath  and 
on  into  the  sheath.  Because  it  penetrates  into  and  though  the  ramp  of  the  sheath, 
the  solution  will  pick  up  an  imaginary  part  and  the  eigenfrequencies  will  therefore 
become  complex  in  general.  This  is  a  mode  which  then  can  drive  and  initiate  the 
nonlinear  difflision  process. 

In  Section  3,  we  will  obtain  the  general  solution  along  a  density  ramp  by  expanding 
in  inverse  powers  of  the  density  gradient.  Then  we  match  this  solution  to  the  interior 
WKB  solutions  for  u  and  ■p  and  extrapolate  to  the  anode.  In  Section  4  we  will  use 
this  solution  to  determine  the  damping  of  an  anode  mode.  In  the  process,  we  sha.ll 
obtain  approximate  analytical  solutions  for  the  growth-rate  of  this  anode  mode.  From 
this  we  can  then  construct  the  second-order  diffusion  coefficient,  Z),  defined  above, 
which  is  done  in  Section  5.  Numerical  and  analytical  solutions  of  (19)  for  short  times 
will  then  demonstrate  that  within  very  short  times  compared  to  an  RF  oscillation, 
the  formation  of  a  DB  profile  is  initiated.  Concluding  remarks  are  maide  in  the  last 
section. 


Ill  RAMPED  DENSITY  PROFILE  SOLUTION 


In  this  section,  we  shall  briefly  discuss  the  solutions  of  the  linearlized  equations  when 
we  have  a  ramped  edge  on  a  sheath  instead  of  a  discontinuity,  as  shown  in  Fig.  3. 
We  take  the  width  of  the  ramp,  e,  to  be  veiy  small  in  comparison  to  a  wavelength. 
Thus  efc  «  1.  We  also  assume  that  will  have  a  zero  either  inside  the  ramp  or 
very  near  to  it.  To  analyze  this  problem,  we  teJce  the  interior  to  be  a  Brillouin  flow 
where  uq  =  we  let  b  be  the  i^ue  of  y  at  the  top  of  the  ramp  and  introduce  the 
variable  z  where 

z  =  {y-h)/e  (22) 

so  that  2  =  0  is  at  the  top  of  the  ramp  and  z  =  1  is  at  the  bottom  of  the  ramp,  where 
the  vacuum  region  starts.  Then  if  is  the  value  of  the  drift  velocity,  vq,  aJc  y  —  6, 
inside  the  ramp,  0  <  z  <  1,  the  drift  velocity  is 


Vo  =  +  efl 


(23) 
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Figure  3:  The  ramped  density  profile.  The  width  of  the  ramp  is  e  and  is  taken  to  be 
very  small,  but  nonzero.  This  model  causes  any  mode  to  be  shghtly  damped  whenever 
oj  and  k  are  such  that  or*  has  a  zero  somewhere  along  the  ramp. 

and, 

=  (^e.b  -  ken{z  -  -z^)  (24) 

where 

(jJeb=u}  —  kvh  (25) 

and  is  the  value  of  at  the  top  of  the  ramp.  We  assume  to  be  small  and  of  the 
order  of  efc.  Thus  we  define  a  parameter  /?,  of  order  unity  by 

uJa  =  (26) 

From  (24)  and  (26) 

=  ekQ(-z^  —  z+P)  (27) 

If  P  hes  between  0  and  1/2,  then  u)f.  has  a  zero  somewhere  along  the  ramp. 

Now,  let  us  turn  to  Eqs.(6).  Since  is  of  order  e,  it  follows  that  A,  defined  by 
(11),  may  be  taken  to  be  simply  Then  firom  the  above,  Eqs.  (6)  reduce  to 

dzP  =  (28a) 

upon  neglecting  terms  of  order  e^.  Equations  (28)  are  nothing  more  than  the  Rayleigh 
equation  [29]  with  a  specified  flow  profile.  For  the  given  flow  profile,  ex^  solutions 
exist.  One  then  can  construct  the  solution  satisfying  the  boundary  conditions  at  the 
cathode,  using  WKB  for  the  interior  solution.  The  final  solution  for  the  vacuum 
region  above  the  sheath,  y  >  6  +  £,  is  [1] 

My)  =  M  [Hy  “  ^  ^  i^vM)  [Hy  (29) 
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where  the  coefficients  axe 


(30a) 

""  efcR2  cosh(A:6) 

(30fe) 

and  are  just  the  values  of  the  potential  and  its  derivative  at  the  bottom  of  the  ramp. 
The  quantity  R  is  defined  by 

=  (1  -  2^)2  (31) 

Clearly,  when  R  is  real  and  <  1,  (or  is  between  0  and  1/2),  the  logarithm  terms 
will  have  branch  points  somewhere  along  the  ramp.  In  this  case,  R  (and  /3)  must 
be  shifted  off  the  real  axis  and  t^e  on  complex  values.  By  (25)  and  (26),  th4  then 
means  that  the  eigenfrequency  will  become  complex.  One  should  also  note  that  when 
/?  lies  outside  of  this  region,  the  logarithm  terms  never  have  a  branch  point  inside  the 
physical  region. 

In  order  to  have  a  resonant,  diocotron  plasma  mode,  then  it  will  be  necessary 
for  the  r^ped  profile  to  be  modified  by  some  physical  process.  A  mechctnism  for 
doing  ^  is  considered  in  the  next  section  where  we  show  that  any  anode  mode  with 
uJe  vanishing  along  the  ramp  will  be  damped,  which  then  will  initiate  a  quasilinear 
diffusion  process,  modifying  the  initial  profile. 


IV  DAMPING  OF  ANODE  MODES 


CFA’s  operate  as  anipMers.  The  presence  of  an  anode  wave  is  necessary  for  its 
operation.  Also,  the  initial  density  profile  which  is  ramped  is  more  realistic  than  a 
discontinuity.  It  also  acknowledges  the  physical  fact  that  density  profiles  can  never 
be  perfectly  sharp.  As  is  clear  ft’om  the  previous  section,  any  anode  wave  injected 
into  a  CFA,  if  its  uj  and  k  axe  such  that  a;*  will  vanish  somewhere  along  the  ramp 
of  the  density  profile,  then  that  anode  wave  will  be  damped.  We  first  calculate  the 
expected  damping. 

In  order  to  do  this,  one  first  needs  the  dispersion  relation  for  the  slow-wave  struc¬ 
ture.  Such  can  be  calculated  for  very  sunple  structures,  and  examples  of  such  are  in 
standard  textbooks  [23].  We  will  use  the  very  simple  ”comb”  model  as  shown  in  Fig. 
1.  We  take  the  width  of  the  vanes  to  be  a,  the  period  from  one  vane  to  the  next  to 
be  L  and  the  depth  of  the  vane  to  be  s.  Then  it  is  easy  to  show  that  [23] 


k4>la 


4sin^(fA;) 

a^k^L 


,CUjJ.  ySW. 

(  )tan(— ) 

c  c 


(32) 


where  c  is  the  speed  of  light.  In  (32),  and  dy4>ia  are  the  values  of  the  potential  in 
the  vacuum  region  ^d  at  the  tips  of  the  vanes  (y  =  /),  which  is  given  by  (29)  for  our 
model.  For  comparison,  we  mention  that  in  the  absence  of  a  plasma,  the  slow— wave 
structure  and  the  vacuum  region  acts  as  a  wave  guide  for  any  RF  wave  injected  into 
the  slow-wave  structure.  In  this  case,  the  Aracuum  extends  down  to  the  cathode  and 
then  [23] 

where  the  subscript  ”ct”  indicates  the  value  in  the  absence  of  a  plasma. 
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Let  us  now  calculate  this  ratio  for  our  model  of  a  ramped  profile.  Prom  (29)  we 
have 

( +  {dyM  taiih[fc(l  -  b)] 

\dy(ha)ramD  -  6)]  +  {dyM 


ramp 


One  will  observe  that  due  to  the  relatively  larger  size  of  dy^if^  the  real  part  of  (34)  is 
essentially  the  same  as  (33),  except  that  I  is  replaced  by  /— 6,  the  latter  being  the  new 
depth  of  the  vacuum  region.  In  other  words,  the  plasma  appears  to  be  a  conducting 
suiface  to  the  anode  wave  in  this  approximation. 

To  calculate  the  imaginary  part  of  (34),  we  return  to  (25)  and  (26),  letting  u)  have 
a  small  imaginary  part,  7,  of  arbitrary  sign.  Thus  fi  will  have  both  re^  and  imaginary 
parts  also,  5  =  /?i  +  i/?2,  where 

7  =  6fcn^2  (35) 

We  will  assume  (32  to  be  small  also,  namely  \^\  «  \j3\.  Prom  (31),  we  can  calculate 
the  imaginary  part  oi  R  =  Ri  +  iRi-  We  are  only  interested  in  the  case  when 
0  <  /?i  <  1/2  since  this  is  the  only  case  when  there  will  be  a  significant  imaginary 
part.  It  is  also  the  region  in  which  u}^  has  a  zero  along  the  ramp.  Then  we  have 

Hi  =  (1  -  2/8i)§,  R2  =  2P2lRi  (36) 

and  it  follows  that  the  imaginary  part  is 


/  k<i>u  \ 

\9y<l>la) 


_  irk€Risgn{'Y) 
ramp  ~  4cosh2[A:(/  -  6)] 


Taking  the  imaginary  part  of  (32)  and  equating  to  (37)  gives 

/?2  =  ±(tRi  (38) 

where  /?2  (and  also  7)  could  be  of  either  sign  and  a  is  a  characteristic  of  the  slow-wave 
structure,  the  tube  and  the  operating  point.  For  our  model,  it  is  given  by 


40  sinh[2fc(/  —  6)][1  +  .j 

sm(2sa;i/c) 


where  lji  is  the  real  part  of  w.  The  value  of  7  follows  firom  (35).  Note  that  it  is  of 
order  e  and  therefore  small.  ^2  is  also  small  due  to  the  sink  in  the  denominator  of  <t, 
which  is  a  function  of  the  depth  of  the  vacuum  region. 

We  now  have  the  damping  rate  for  any  anode  wave  satisfying  the  wave-particle 
resonance  condition  at  the  edge  of  the  sheath.  Although  this  damping  is  small,  the 
combination  of  its  smallness  with  the  steep  ramp  will  drive  a  nonlinear  difiiision 
process  or  order  one  which  will  modify  the  original  ramped  density  profile.  We  show 
how  this  occurs  on  the  next  section. 


V  THE  QUASILINEAR  DIFFUSION  PROCESS 

Davidson  [2]  was  the  first  to  recognize  the  importance  of  the  quasilinear  diffusion 
for  nonneutral  plasmas.  This  diffusion  process  also  occurs  naturally  at  second  order 
in  a  multiple-scale  analysis  of  the  cold-fluid  equations  [24].  The  key  quantify  is  the 
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nonlinear  diffusion  coefficient,  D,  given  by  (21).  It  has  a  veiy  simple  interpretation 
if  one  expresses  it  in  terms  of  the  Lagrangian  vertical  displacement,  defined  by 


4  =  = 

(jJe  (JeA 


Thus  D  is  simply 


|2g27.* 


showing  that  wherever  the  Lagrangian  vertical  displacements  are  Izffge,  there  will  be 
a  large  diffusion  of  the  sheath.  The  largeness  of  the  vertical  Lagrangian  displacement 
comes  from  the  resonance  condition,  u>e,  vanishing  sdong  the  ramp,  where  there  is 
also  a  large  density  gradient.  It  is  the  combination  of  these  two  factors,  the  resonance 
conffition  and  the  steep  density  gradient,  that  generates  a  rapid  deterioration  of  the 
initial  ramped  density  profile.  Another  way  of  looking  at  this  is  to  realize  that  when 
(Je  =  0,  then  the  electron  is  moving  in  phase  with  the  electric  field.  Thus  in  the  rest 
frame  of  the  moving  electron,  the  electron  feels  a  steady  and  constant  electric  field 
acting  on  it.  Thus  it  executes  a  large  displacement. 

Prom  (29)  and  (30),  we  have  that  the  constant,  Ci,  is  given  by 


Ct  = 


_ iekR^Exa _ 

2  sinh[A;(l  —  6)]  cosh(fc6) 


where  E^a  (=  is  the  ^-component  of  the  RF  electric  field  at  the  tips  of  the 

vanes.  Then  from  (35),  (37),  (39),  (40)  zmd  (42),  the  value  for  follows. 


2Q^  sinh[A:(/ 


_ f  2(1  -  ^ 

-  b)]  \  (1  -  z2  - 


■^2R^[(R-z  +  l)  ■  (/?-l)J| 


Clearly,  the  fiirst  term  dominates  since  it  can  become  singular  when  is  less  than 
unity. 

Lastly,  we  need  to  perform  the  sum  over  states  in  (41).  We  assume  that  the 
bandwidth  of  the  input  pulse  is  much  wider  than  that  of  the  resonance,  which  is  the 
same  as  taking  the  limit  of  e  becoming  vanishing  small.  In  this  limit,  one  would 
average  over  Tl^P-  Taking  only  the  dominate  term  in  (43)  and  the  lowest  order  in 
cr,  one  then  finds 


€fc|£-.„p(l  - 
12^  sinh^[A:(Z 


This  diffusion  coefficient  is  a  maximiun  for  z  near  n,  which  is  near  the  top  of  the  ramp 
for  a  small.  It  is  also  proportional  to  e  and  therefore  small.  However,  the  density 
gradient  is  of  order  €~^.  Thus  this  term  will  contribute  a  term  of  order  unity  to  the 
evolution  of  the  density  profile,  as  one  can  see  from  (19).  Furthermore,  D  has  a  very 
strong  gradient  with  respect  to  y  due  to  the  tan~^  terms.  Consequently,  the  initial 
evolution  of  the  density  profile  will  be  govern  by  this  term.  Prom  (19)  and  the  above, 
we  have 

dtuo  ~  {dyD)dyno 

ek\E,a\^  TT  Q" 

sinh^[fc(Z  —  6)]  2(76  e 
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Figure  4:  Numerical  integration  of  (27)  for  typical  parameters.  Note  that  the  strong, 
positive,  density  gradient  that  forms  almost  instantaneously. 


which  has  a  characteristic  response  time  of 

QAt  ~  j^2[^  sinh^[fc(/  -  6)]  (46) 

There  is  a  wealth  of  information  compacted  into  this  formula.  First,  one  notes  that  as 
e  vanishes,  the  response  time  goes  to  zero.  Thus  a  discontinuity  in  the  density  (e  =  0) 
would  instantaneously  be  changed,  as  soon  as  any  resonant  input  pulse  was  injected. 
Second,  the  response  time  is  inversely  proportional  to  the  power  of  the  injected  pulse. 
Therefore,  there  is  a  miTiiTniim  input  power  required  before  profile  modification  can 
occur.  Third,  the  response  time  is  govern  by  the  slow-wave  structure,  operating 
voltage  and  tube  characteristics  through  the  factors  of  cr  and  the  sink  terms.  These 
are  afi  known  to  affect  how  a  given  tube  operates. 

Numerical  integration  of  (19)  for  typical  values  demonstrates  the  rapid  response 
time.  In  Fig.  4,  we  show  an  initial  proffle  and  its  modification  after  a  tune  of  .02/12. 
One  can  clearly  see  that  a  spike  rapidly  develops  on  the  upper  part  of  the  ramp 
of  the  profile,  containing  a  strong,  positive  density  gradient.  This  structure  would 
immediately  be  unstable  to  the  diocotron  instability  [2]  and  its  future  evolution  would 
be  for  this  positive  density  gradient  to  degrade  into  a  flat  plateau.  This  is  not  seen 
in  this  numerical  integration  of  (19)  since  we  have  not  allowed  for  the  diocotron 
instability  to  be  present  in  the  form  of  D  used,  Eq.  (44). 

There  are  two  approximations  used  in  obtaining  the  result  in  Fig.  4  that  are, 
in  hindsight,  not  v^d.  First,  it  was  assumed  that  the  input  pulse  was  a  step- 
function.  In  reality,  it  takes  many  periods  for  the  input  pulse  to  build  up  to  its 
TnaYiTTmm  amplitude.  Second,  we  have  assumed  that  only  the  growing  mode  would 
be  important  in  the  evaluation  of  the  quasilinear  diffusion  coefficient.  In  reality,  there 
is  always  a  decaying  mode  as  well  and  initially,  it  is  usually  of  comparable  amplitude. 
Thus  only  after  times  much  larger  than  l/'Yt,  would  the  expression  (41)  become  valid. 
Nevertheless,  what  Fig.  4  does  demonstrate  is  that  strong  density  gradients  are  very 
unstable  in  the  presence  of  resonant  anode  modes. 
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VI  CONCLUSIONS 

We  have  shown  that  there  is  a  very  rich  structure  contained  in  the  edge  of  the  sheath  of 
a  ma^etron  which  is  mi^ed  if  one  uses  the  classical  Brillouin  model.  This  structure 
will  give  rise  to  a  damping  of  any  wave  whidi  has  a  diocotron  resonance,  =  0, 
somewhere  along  the  ramp.  We  have  also  obtained  an  analytical  approximation 
for  the  growth  rate,  which  shows  how  the  growth  rate  depends  on  the  slow— wave 
structure,  the  tube  parameters  and  the  operating  point.  Then  we  have  applied  this 
result  to  calculate  the  quasilinear  difiiision  coefficient  for  an  input  pulse  in  a  CFA, 
and  have  shown  that  the  response  is  an  immediate  modification  of  the  density  profile, 
generating  a  very  strong  positive  density  CTadient,  which  would  then  be  degriied  into 
a  flat  plateau  by  the  diocotron  instability  [2].  Once  this  occurs,  which  would  be  within 
an  RF  cycle  or  so,  the  profile  would  become  essentially  a  double-box  profile,  which 
then  could  support  a  resonant  plasma  mode  [27],  undamped.  However,  this  resonant 
plasma  mode  would  have  a  dispersion  curve  that  would  cross  the  anode  mode  at  or 
very  near  the  resonance.  Thus  these  two  modes  would  then  linearly  couple  and  one 
would  then  have  to  apply  coupled-mode  theoiy  [26].  The  effect  of  this  is  that  both 
modes  would  then  have  a  complex  frequency,  with  a  linear  combination  of  them  being 
the  growing  mode.  Thus  both  the  plasma  mode  and  the  anode  mode  would  grow, 
feeding  on  the  energy  stored  in  the  plasma. 

What  is  now  clear  is  that  an  initial  Brillouin  density  profile  will  evolve.  Clearly, 
there  will  be  initial  transients.  But  after  these  decay  away,  could  the  system  perhaps 
end  up  in  some  stationary  state,  particularly  if  the  input  RP  power  were  to  remain 
constant?  If  such  were  to  result,  then  that  density  profile  would  have  to  be  a  station¬ 
ary  solution  of  the  quasilinear  diffusion  equation.  Such  solutions  have  already  been 
discussed  in  the  literatme  [24].  Key  features  of  these  solutions  are:  i)  these  profiles 
all  have  fiffite  and  nonvanishing,  negative  density  gradients;  ii)  the  density  vanishes 
nowhere;  iii)  the  density  gradient  is  the  least  wherever  the  quasilinear  diffusion  coef¬ 
ficient  is  a  maximum;  iv)  there  exists  a  nonzero  current  flow;  and  v)  they  therefore 
Me  distinctly  different  from  the  classical  Brillouin  density  proffie.  The  main  difficulty 
in  determining  these  solutions  Hes  in  the  consistency  requirement.  They  would  have 
to  be  determined  such  that  the  following  conditions  were  satisfied.  First,  in  the  given 
density  profile,  which  is  such  a  stationary  solution,  one  must  find  the  solutions  of 
the  Imearly  perturbed  equations.  Then  from  these  solutions,  one  must  construct  the 
quasilinear  diffusion  coefficient.  Next,  the  integration  of  the  stationary  quasilinear 
diffusion  equation,  for  that  obtained  quasilinear  diffusion  coefficient,  must  return  back 
exactly  the  same  density  profile  that  one  started  with.  At  the  moment,  we  do  not 
know  if  such  solutions  do  exist.  However  if  such  profiles  could  be  found,  then  one 
would  have  a  means  for  predicting  the  current  and  gain  for  a  particular  device. 
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Abstract 

Traditionally,  the  modeling  of  rf  driven  electron  cascades  (multipactors)  have  been  deterministic, 
employing  a  given  emission  velocity  for  all  secondaries.  Here  we  introduce  stochastic  effects  caused 
by  the  random  emission  velocity.  By  combining  the  emission  related  random  phase  kick  with  the 
focusing  rf  action  it  is  shown  that  the  multipactor  phase,  though  wandering  erratically,  nevertheless 
stays  in  the  vicinity  of  a  stable  phase-locked  multipactor  phase;  the  rms  phase  deviation  from  phase 
locking  is  directly  proportional  to  the  rms  fluctuation  in  the  secondary  emission.  Therefore,  for 
sufficiently  small  secondary  velocities,  as  in  most  cases  of  interest,  the  modeling  of  a  multipactor 
with  zero  emission  velocity  is  sufficient  to  determine  the  actual  multipactor  stability.  It  follows 
that  multipactor  behavior  depends  on  only  two  control  parameters,  related  to  the  normalized  rf 
and  magnetic  field  strengths. 

Multipactor  is  a  resonant  discharge  produced  by  an  rf  field  in  which  an  explosive 
growth  (avalanche)  in  the  electron  population  can  occur  via  secondary  emission  driven  by 
the  rf.  Whenever  electrons  energized  by  rf  waves  are  driven  back  into  a  surface,  secondaries 
are  produced.  The  secondary  yield  depends  on  the  impact  energy  and  angle,  the  surface 
properties  and  the  direction  of  the  rf  field  at  the  time  of  impact.  Under  certain  conditions, 
the  phase  of  the  secondary  electrons  remains  “locked”  with  the  rf  field  driving  the  impacts, 
so  that  secondaries  are  produced  always  at  “favorable”  phase  to  continue  the  process.  If 
more  than  one  electron  is  emitted  for  each  primary,  the  electron  population  can  grow 
sizable  enough  to  dissipate  a  significant  fraction  of  the  rf  power  inside  the  cavity  before 
saturation  due  to  space  charge  effects  sets  in. 

Most  of  the  previous  studies^"^’®  have  considered  deterministic  models  with  constant 
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secondary  emission  velocity.  Here  we  address  the  question  whether  phase-locking  with 
the  rf  can  be  maintained  when  random  emission  effects  are  included.  We  proceed  in  two 
steps.  First  the  most  general  results^  for  multipactor  in  crossed  electron  and  magnetic 
fields  are  reviewed.  Next  the  random  emission  effects  are  superimposed  as  a  perturbation. 

In  conclusion  it  is  argued  that  when  the  emission  velocities  are  small  compared  to  the 
velocities  obtained  through  the  rf  acceleration,  the  multipactor  dynamics  is  sufficiently 
approximated  by  a  deterministic  model  with  zero  emission  velocity. 

Assuming  that  all  secondaries  are  emitted  with  the  same  initial  velocity,  the  relation 
between  the  emission  phase  0n  and  the  subsequent  impact  phase  <f)n+i  was  found^  to  be 

FA^(0r^,  <^n+l)  =  qTZJ  [sin{(l)n+l)-^  COS(t)n  Sm[O(</)„+l-0n)]-SW0n  COS (</>„+ l-<^n)]  } 

-1-^  Sm[O(0n+l  -  <pn)]  ~  ^  “  COs[Q{<f)n+l  -  </>n)]  |  “  d  =  0,  (l) 

Relation  (1)  covers  the  most  general  case  of  either  single  or  two-surface  multipactors,  where 
the  time  between  successive  impacts  is  a  multiple  of  the  wave  period  (half-period)  for  single 
(two  surface)  multipactors  is 

(pn+l  -4>n  =  rc:i  2'kN,  (2) 


N  =  integer,  d  =  0  for  single  surface 
N  =  half  —  odd,  d  =  l  for  two  surface. 

(notice  that  the  single  surface  multipactor  is  not  the  d  =  0  limit  of  the  two  surface  case), 
and  the  following  dimensionless  variables  are  used. 


0,  =  — 
a;’ 


Ui  = 


'^oi 

(jJD 


(3) 


u  is  the  rf  frequency,  Uc  =  eBo/mc  is  the  cyclotron  fi:equency,  and  D,d  =  1  are  respectively 
the  actual  and  the  normalized  plate  separation  for  two-surface  multipactor.  The  parameter 
S  may  be  thought  of  as  a  measure  of  the  electric  field  strength  and  as  a  measure  of  the 
magnetic  field  strength;  without  loss  of  generahty,  we  will  take  both  €  and  Q,  to  be  non¬ 
negative.  The  parameters  Ui,  i  =  x,y  are  the  normalized  initial  velocities  for  the  ejected 


electrons. 


315 


Equation  (1)  may  be  viewed  as  an  implicit  equation  for  the  arrival  phase  </>n+i  in  terms 
of  the  launch  phase  (j)n-  The  fixed  phase(s)  correspond  to  flight  time  r  exactly  equal  to 
2'kN  in  (2).  The  general  equation  for  the  fixed  point(s)  ip  follows  firom  (1)  letting  (j)n  = 
<pn+i  =  p>+  2ivN, 

Sr  1 

Tji  =  ^^2 — ^  |sm(^+  27riV')  —  —  cosp>  sin(27rNn)  —  sinpi  cos(27riVn)|.  (4) 
sin{2TrNftj  ~  ^  “  cos(27riVf2)]  —  d  =  0 

An  electron  starting  exactly  on  the  fixed  phase  would  create  an  infinite  sequence  of  sec¬ 
ondaries.  This  is  not  terribly  interesting,  however,  given  the  vanishing  probability  of  a 
seed  electron  at  exactly  the  right  phase.  The  deciding  factor  is  the  behavior  of  electrons 
in  the  vicinity  of  the  fixed  points.  The  phase  of  an  electron  that  for  some  reason  started 
its  journey  near  a  fixed  point  may  either  (a)  converge  to  the  fixed  point  as  the  number 
of  iterations  increases  or  (b)  diverge  firom  it.  Fixed  points  with  property  (a)  are  stable 
fixed  points  and  can  lead  to  multipactors.  Fixed  points  with  the  opposite  property  (b) 
are  unstable  and  lead  to  truncated  cascades.  Given  the  mapping  function 
the  multipactor  question  boils  down  to  the  existence  and  stability  of  its  fixed  points.  The 
fixed  points  of  (1)  have  been  obtained  as  functions  of  the  control  parameters  S,  Q  and  u 
by  solving  (4).  Multipactor  is  possible  in  the  parameter  space  where  (a)  fixed  points  exist 
and  are  located  in  the  “favorable  phase”  region  0  <  (/?  <  tt,  (b)  the  fixed  points  are  stable. 


|G|  <  1, 


where 


d0ri+l 

d(f)n 


dF{(l)n,(l)n+l)/d4)n 
dF{^m  0n+l)/ ^071+1 


4>n=V,  4>n+l=<P+‘iT^N 


(c)  there  is  no  surface  impact  prior  to  the  resonant  time  r  =  2'kN  and  (d)  the  impact 
energ}^  e  is  such  that  6  >  1,  where  S(£)  is  the  secondary  yield.  An  example  of  multipactor 
prone  area  for  the  case  of  two-surface,  period  Stt  multipactor  (i.  e.  one  impact  every 
one-and-a-half  rf  period)  is  shown  in  Fig.  1.  More  results  on  period  27r  single-surface  and 
period  tt  two-surface  multipactors  are  found  in  Ref.  5. 

It  has  been  assumed  so  far  that  the  secondary  emission  velocity  is  the  same  for  every 
impact.  In  reality  the  ejection  velocity  for  a  secondary  is  not  correlated  with  the  impact 
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velocity  and  changes  randomly  at  each  step.  The  relation  (1)  between  launch  and  arrival 
phase  thus  becomes  a  function  of  a  random  variable  Un  depending  on  the  step  number  n 

(the  dependence  on  the  other  control  variables  is  implied).  One  may  now  question  whether 
the  defocusing  effect  of  random  emission  velocity  completely  destroys  the  phase  locking 
with  the  rf.  The  vaUdity  of  all  approaches  neglecting  random  effects  depends  on  how  the 
above  issue  is  settled. 

Though  a  fixed  point  does  not  exist  when  Un  is  randomly  distributed  we  can  try  to  see 
if  the  random  cascade  stays  in  the  neighborhood  of  a  fixed  point  for  an  “ideal”  case  with 
fixed  u.  That  can  happen  if  the  phase  locking  effect  firom  the  rf  interaction  balances  the 
random  phase  shifts  from  the  random  emission  velocity.  Let  us  compare  the  evolution  of 
two  processes  with  similar  initial  conditions.  The  idealized  reference  case  has  zero  emission 
velocity  at  each  step.  In  general  this  leads  to  an  avalanche  characterized  by  a  fixed  point 
cpo]  furthermore  the  rate  of  convergence  towards  cpo  is  given  by 

(pn+l  Go{(pn  -  <Po),  (7) 


where  cpn  =  mod(4>n,  2ttN),  Go  =  G{(po,^,  S,  u  =  0)  and  G  is  given  by  (5).  For  the 
reahstic  case  with  random  secondary  velocity,  it  is  shown  that  the  rate  of  convergence  (or 
divergence)  is  governed  by 


^n+l  —  Goij^Pn  *i^^o)  T 


(8) 


where  the  random  phase  “kick”  Vn  is  related  to  the  random  emission  velocity  Un  via 


/dFldvi\  d  d  d 

“"'VaF/5(/)n/o’  dn~^du^  ^  duy' 


(9) 


The  subscript  (o)  denotes  the  value  at  4>n  =  <^o,  ^n+i  =  ^Po  +  27riV  and  n  =  0.  The 
linearized  relation  (8)  holds  when  the  emission  velocity  is  much  smaller  than  the  velocity 
obtained  from  the  rf  acceleration,  which  is  true  in  most  cases  of  interest. 
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To  study  the  dynamics  of  the  stochastic  map  (8)  we  iterate  once  more’^  getting 

(Pn+2  -^0-GI  {(fin  -  ^O)  +  GoVn+l  +  i^n-  (10) 

Now  set  A(fin  =  (fin+i  —  fi>o  and  let  {d/dn)A(fin  {A(fin+2  —  A(fin)/An  where  An  = 
(n  +  2)  -  n  =  2.  Assuming  that  Acfin  changes  slowly^,  i.e.  \{A(fin+2  -  A(fin)/A<fin\  <<  1, 
then  equation  (29)  is  the  discretized  version  of  the  differential  equation 

d  ^  1  -  IG'oP  ,  I'  +  Gou 

= - (11) 

where  n  is  treated  as  a  continuous  index  according  to  fn+i  f{n)  and  0  =  v{n  —  1). 
Equation  (11)  is  the  well  known  Langevin  equation,  describing  a  Brownian  motion  in 
phase  A</)  under  a  friction  “force”  —  (1/2)(1  —  |C?oP)  A(f)  and  a  random  stirring  “force” 
(1/2) (z/  +  Gqv).  Its  solution  depends  on  the  statistical  properties  of  the  random  variable. 
It  is  reasonable  to  assume  that  the  secondary  emission  velocities  are  uncorrelated, 

<  UnUm  >  =  <  >  Sn,m-  (12) 

For  an  ergodic  process,  the  equivalence  between  ensemble  average  and  “time”  average  over 


dn  leads  to 


dn  v{n)v{m)  =<  >  6{n  —  m). 


where,  according  to  (28) ,  <  >  is  given  by 


<  >= 


<  (u.(9F/au)o)  > 

{dF/e4>„)l 


Under  the  above  statistical  correlations,  traditionally  employed  in  random  walk  problems, 
one  can  show  that  the  phase  excursion  Aifi,  solution  of  Eq.  (11),  is  bounded  when  the 
friction  force  is  restoring,  i.e.  when  |Gol  <  1.  Furthermore,  the  long  time- average  of  the 
phase  excursion  is  given  by 


<  A(fi^  >  =  <  \(fin  -  (fio\  > 


2  14-  |Goh 


l-IGoP 
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thus  the  multipactor  stays  nearly  phase-locked  when  the  rhs  of  (15),  carrying  the  rms 
velocity  fluctuations  (14),  is  small. 

Equations  (11)  through  (15)  lead  to  the  following  conclusions.  If  the  secondary  emis¬ 
sion  mean  square  velocity  is  sufficiently  small,  so  that  <  >  given  by  (15)  is  small, 

a  random  emission  rf-driven  cascade  is  stable  whenever  the  ideal  cascade  with  zero  emis¬ 
sion  velocity  is.  The  impact  phase  for  the  random  cascade  wanders  erratically  around  the 
flxed  point  (po  of  the  ideal  case;  yet  the  average  mean  square  distance  <  \(pn  —  > 

remains  small  and  bounded  by  (8).  Aroimd  that  value  of  p)n  —  <Pq  the  focusing  action 
from  the  rf  interaction  balances  the  dispersive  effects  of  the  random  emission  velocity. 
Given  that  under  normal  circumstances  the  emission  energy  of  a  few  eV's  corresponds  to 
<  ^(2  j^q-3  £qj.  ^  ^  27r/,  /  =  1  GHZ  and  D  =  1mm,  secondary  emission 

“noise”  can  destabilize  a  cascade  only  (a)  when  the  ideal  cascade  is  near  marginal  stability, 
i.e.  |Go|  1,  (b)  when  the  fixed  phase  is  a  very  sensitive  function  of  w,  dF/du  >>  1,  and 
(c)  when  dF/d4>n  ^  0.  Case  (b)  occurs  near  the  boundary  £  =  £min{^,d,  u)  for  the  fixed 
points  existence,  where  a  small  change  in  u  can  significantly  alter  the  fixed  point  value,  or 
even  make  a  fixed  point  to  disappear. 

In  conclusion,  the  existence  and  stability  of  a  realistic  random  emission  multipactor 
is  covered  by  the  existence  and  stability  criteria  for  an  idealized,  zero  emission  velocity 
multipactor,  provided  that  the  mean  secondary  velocity  is  sufficiently  small.  That  has  the 
rather  remarkable  effect  of  reducing  the  number  of  the  independent  control  parameters  for 
the  process.  Inspection  of  the  “ideal”  Eqs.  (l)-(4)  reveals  that  the  multipactor  parameter 
space  is  spanned  by  four  control  parameters;  the  six  independent  quantities  of  the  problem 
uj,  Uc,  Vrf,  Vo  and  D  combine  into  =  coc/^,  d/£  and  u/S.  By  hmiting  the  cases  of 
interest  to  u  =  0  we  are  left  with  only  two  independent  parameters:  O  and  £/d.  The  single 
surface  multipactor  d  —  0  depends  only  on  ft. 


319 


Acknowledgments 


We  wish  to  acknowledge  discussions  with  Y.  Y.  Lau  and  R.  Kishek.  Work  supported  by 

the  U.  S.  Naval  Research  Laboratory,  contract  tI^N00014-92-C-2030. 

References 

[1]  R  T.  Farnsworth,  “Television  by  electron  image  scanning,”  J.  Franklin  Institute,  vol. 
218,  pp.  411-444  (1934). 

[2]  J.  R.  M.  Vaughan,  “Multipactor,”  IEEE  Trans.  Electron  Devices,  vol.  35, 1172  (1988). 

[3]  J.  R.  M.  Vaughan,  “Observations  of  Multipactor  in  Magnetrons”,  IEEE  Trans.  Elec¬ 
tron  Devices  vol.  15,  883  (1968). 

[4]  H.  McDowell,  “Multipactor  Discharge  Across  a  Magnetic  Field”,  Varian  interoffice 
memo  (Varian,  Beverly  MA)  (1976). 

[5]  Spilios  Riyopoulos,  David  Chernin  and  Demos  Dialetis,  “Theory  of  Electron  Multi¬ 
pactor  in  Crossed-Fields” ,  Physics  of  Plasmas  2,  3194  (1995). 

[6]  R.  Kishek  and  Y.  Y.  Lau,  “Interaction  of  Multipactor  Discharge  and  RF  Circuit”, 
Phys.  Rev.  Lett  75,  1218  (1995). 

[7]  When  G  is  negative  the  sign  of  ~  GA(pn  alternates  from  step  to  step.  Hence 

from  Acpn+I  -  A(pn  =  {G-  l)A(pn  we  have  |(A(^n+i  -  Aipn)/A(pn)\  =  |G|  +  1  >  1. 
The  map  (8)  must  be  iterated  twice  to  ensure  small  relative  changes  in  A(p  when 
-1  <  C  <  0. 


320 


Electron  Sheaths  in  a  Crossed-Field  Gap  —  Equilibrium 
Solutions  and  Transition  to  Turbulence  * 

Peggy  J.  Christenson  and  Y.  Y.  Lau 

Department  of  Nuclear  Engineering  and  Radiaological  Sciences 
University  of  Michigan, Ann  Arbor,  Michigan  48109-2104 
e-mail:  peggyjo@engin.umich.edu,  or  yylau@engin.innich.edu 


Abstract 

There  is  renewed  interest  in  the  equilibrium  solutions  and  the  transition  to 
turbulence  of  electron  sheaths  in  a  crossed-field  gap.  Here,  an  analytic  theory 
is  presented  which  yields  the  maximum  transmittable  current  across  an  anode- 
cathode  gap  which  is  embedded  in  an  arbitrary  transverse  magnetic  field  (B). 
The  limiting  current  is  found  to  be  relatively  insensitive  to  B  for  B  <  Bh,  where 
Bff  is  the  HuU  cutoff  magnetic  field  required  for  magnentic  insulation.  For  values 
of  magnetic  field  above  Bh  {B  >  Bh),  an  analytic  theory  is  presented  for  the 
critical  injected  current  beyond  which  a  transition  from  laminar  to  turbulent 
behavior  occurs  within  the  electron  sheath.  The  analytic  theories  are  found  to 
be  in  excellent  agreement  with  particle  simulations,  from  which  it  is  apparent 
that  the  behavior  of  the  sheaths  is  quite  different,  depending  on  whether  B  > 
Bh,  or  B  <  Bh-  For  example,  for  many  ca.ses  above  the  Hull  cutoff,  itt  is 
found  that  there  is  no  electrostatic  potential  minimum  in  the  equilibrium  solution 
which  is  a  sharp  contreist  to  the  regime  below  the  Hull  cutoff  magnetic  field. 
However,  according  to  the  simulations,  a  potential  minimum  always  appears  in 
front  of  the  cathode  whenever  the  injected  current  exceeds  the  critical  value.  The 
spatial  extent  and  the  frequency  of  oscillations  of  this  microsheath  depends  on 
the  injected  current,  injection  energy  and  magnetic  field  (>  Bh)-  This  study 
seems  to  have  added  sustenance  to  the  notion,  widely  held  in  the  community  of 
ultralow  noise  crossed-field  amplifiers,  that  a  necessary  condition  for  quiescent 
behavior  in  a  crossed-field  gap  is  that  the  electron  emission  be  limited. 

‘Supported  by  NRL  under  grant  N00014-93-1-G032. 
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I  Introduction 

When  a  sufficiently  strong  transverse  magnetic  field  B  is  imposed  across  an  anode-cathode 
gap,  electrons  released  from  the  cathode  will  not  be  able  to  reach  the  anode  Under  the 
Lady  state  condition,  that  critical  magnetic  field  is  the  Hull  cutoff  value  which  is  given  by 
Bh  =  J(2mVleD^)  +  imuo/eDy,  where  D  is  the  gap  separation,  V  is  the  gap  voltage,  e  is 
the  electron  charge,  and  m  is  the  electron  mass  [1].  The  electrons  are  assumed  to  be  emitted 
with  velocity,  uo,  normal  to  the  cathode.  It  is  important  to  note  that  Bh  is  independent  of 

the  emitted  current  density,  J.  „ 

In  this  paper,  »e  examine  the  regime  B  >  Bh-  Spec.acaUy  we  present  an  analyt  c 
expression  that  gives  the  critical  emission  current  density,  above  which  steady  state 
mEn  ceases  t?  exist  16).  We  employ  a  paxticle-in-cell  (PIC)  code  [2]  to  examine  the 
dynamical  behavior  of  the  gap,  both  below  and  above  this  critical  current 

It  is  anticipated,  on  physical  grounds,  that  such  a  critical  current  exists  If  the  emission 
current  is  vanishingly  small,  electrons  are  expected  to  follow  the  familiar  single  particle  orbits 
in  the  external  electric  and  magnetic  fields,  which  are  uniform.  A  collection  of  such  particles 
represent  a  time-independent,  laminar  solution.  If,  on  the  other  hand,  electrons  are  released 
in  great  quantities,  steady  state  solutions  are  not  expected  to  exist,  as  seen  from  the  familiar 
experiences  on  the  virtual  cathode  [3].  The  latter  regime  is  most  easily  treated  via  particle 
simulations.  The  transition  from  laminar  to  turbulent  solutions  in  a  crossed-field  gap  is  the 

subject  of  this  paper.  .  ,  c 

This  seemingly  old  problem  is  of  considerable  current  interest  especially  in  the  area  of 

noise  analysis  in  the  crossed-field  amplifier  (CFA).  In  many  CFA’s  of  practical  significance, 

the  electrons  are  released  from  the  cathode  (which  is  part  of  the 

secondary  emission,  and  the  operating  magnetic  field  is  always  higher  than  Whether  it 
is  necessary,  and,  indeed,  how,  to  control  electron  emission  so  as  to  reduce  the  amplifier  noise 
has  remained  a  very  important  consideration  [4].  It  in  part  motivates  the  present  study. 


II  Theory 

The  above  mentioned  critical  current  is  most  easily  established  when  the  electrons  are  emitted 
normal  to  the  cathode  with  a  mono-energetic  distribution.  Consider  the  emitted  current 
being  raised,  quasi-statically,  from  a  very  low  value.  All  electrons  are  initially  accelerated 
by  the  vacuum  electric  field  inside  the  gap.  They  all  turn  back  before  reaching  anode 
if  jB  >  Bh  As  the  emitted  current  is  raised,  the  initially  accelerating  electric  e  rig  in 
front  of  the  cathode  is  reduced.  The  steady  state  solution  fails  to  exist  when  the  emitted 
current  is  sufficiently  high  so  as  to  cause  a  nonlinear  feedback  mechanism  to  grow  If  the 
space  charge  is  too  high,  then  the  electrons  being  emitted  from  the  cathode,  which  are 
initially  accelerated,  will  be  decelerated  much  more  quickly  due  to  the  combined  magnetic 
and  electric  fields.  This  causes  the  space  charge  in  the  A-K  gap  to  rise  since  the  magnetic 
field  is  actually  the  main  force  causing  the  electrons  to  return  to  the  cathode.  Lhe  vx 
force,  however  is  not  strong  enough  to  balance  the  coulomb  force  caused  by  the  space  charge. 
The  consequences  of  trying  to  inject  too  much  current  into  the  gap  will  be  discussed  along 
with  the  simulation  results  but  they  are  beyond  the  scope  of  the  analytical  theory,  ihe 
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Figure  1:  The  critical  current  density  (in  units  of  the  zero  emission  velocity  Child- Langmuir  value) 
above  which  steady  state  solutions  cease  to  exit,  as  a  function  of  the  magnetic  field  B  (in  units  of 
the  zero  emission  velocity  Hull  cutoff  value),  for  various  electron  emission  velocities. 


analytic  theory  is  developed  for  a  steady-state  system.  The  critical  current  density  is  the 
maximum  injected  current  density  for  which  a  steady-state  solution  exists. 

Consider  a  time-independent,  one-dimensional  planar,  non-relativistic  model.  In  the 
Cartesian  coordinates,  the  cathode  is  located  at  x  =  0,  and  the  anode  at  x  =  Z).  The 
anode  is  held  at  potential  V  with  respect  to  the  cathode,  and  an  external  magnetic  field 
Bz  is  applied.  Let  ^(x)  be  the  self-consistent  electrostatic  potential,  and  u(x)  be  the  (non¬ 
negative)  velocity  component  in  the  x-direction.  Using  conservation  of  energy, 

e4>ix)  =  j(u^  +  n^x^)-jul,  (1) 

we  may  write  the  Poisson  equation 

d}4>  en  _  2eJ  ^2^ 

dx^  Co  mco 

in  the  Llewellyn  form  (see  e.g.,  Birdsall  and  Bridges  [3]): 


d  (  du\  2eJ 

u—  u—  +  0,  u  = - , 

ax  y  dx  J  mco 


(3) 


where  Q  =  eB/m  is  the  electron  cyclotron  frequency,  and  a  Lagrangian  approach  has  been 
used,  so  t  =  J  dxfu  .  In  Eq.  (2),  we  have  used  the  continuity  equation,  nu  =  constant, 
which  also  implies  that  the  emitted  current  density,  J,  is  a  constant.  The  fact  that  the 
electron  density,  n,  is  due  to  both  the  emitted  electrons  (outgoing  from  cathode)  and  the 
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returning  electrons  (incoming  to  the  cathode)  gives  rise  to  the  factor  of  two  in  the  current 

density  terms  of  Eqs.  (2)  and  (3).  _  osnl  — 

In  terms  of  non-dimensional  variables,  x  =  xf D,  t  =  0,t,  J  —  eJ/meoSi  f  — 
V  =  eVlmil'^D^,  and  «  =  u/aD,  the  differential  equation  (3)  may  be  inte¬ 
grated  to  yield  the  steady-state  self-consistent  orbit  for  an  electron  in  a  crossed-field  gap: 
u(t)  =2J  +  (uo  -2J)cosi+c sin t,  and,  x{t)  =  2 Ji+  (uq  - 2J) sin t  +  c[l- cos t] .  Here,  c  is 
a  constant  of  integration,  -c  is  simply  the  normalized  electric  field  on  the  cathode  surface. 
Now  we  may  define  xy  as  the  normalized  hub  height,  or  maximum  excursion  of  the  electrons 
into  the  A-K  gap,  when  the  critical  current  is  reached.  Applying  boundary  conditions  at 
x  =  XT  and  using  conservation  of  energy  and  Gauss’s  law,  we  express  the  total  potential 
drop  across  the  gap  as  the  sum  of  the  potential  at  x  =  xt,  and  the  potential  in  the 
vacuum  region,  xr  <  x  <  1,  thus,  V  =  ^t-  ^t(1  -  ^r),  where  Et  is  the  normalized  electric 

field  at  X  =  xy.  This  may  be  written  as 

V  =  Pf[4:  tan(f /2)  -  2f  ]  -1-  2J[T  -  tan(T'/2) 

-i-«o(rcotr-i)]-«ocotr. 


In  order  to  find  the  maximum  injected^ current  density,  Jc,  for  which  a  steady  state  solution 
is  possible,  we  take  the  derivative  of  J  with  respect  to  T  (recall  that  V  is  taken  as  a  fixe 
parameter)  and  set  dJldf  =  0.  Thus  we  obtain  another  equation  which  is  also  quadratic  in 


ifif  sin  f  —  T  cos  r  I  o  f  [  — ^  ^ 
I  l+cosT  J+"ll+cosr 
,(cosf3inr-l)  +^. 


sin^T 


These  last  two  equations  are  to  be  solved  simultaneously  for  J  and  T  to  yield  Jc  for  a  given 
normalized  gap  voltage,  V  and  electron  emission  velocity,  uq.  . 

The  solution  of  equations  (4)  and  (5),  Jc,  is  valid  for  B  >  Br-  It  is  shown  in  Fig.  1 
for  various  values  of  injection  velocity,  uo.  The  Uo  =  0  curve  in  Fig.  1  is  valid  for  all  gap 
voltages,  V,  and  gap  separation,  D.  The  Other  curves  are  obtained  for  V  -  12  kV  and 

=  2  16  mm  For  completeness.  Fig.  1  also  includes  the  regime  B  <  Br,  which  was 
recently  reexamined  in  considerable  detail  [5,7].  Thus,  Fig.  1  provides  the  critical  value 
of  the  emitted  current,  above  which  time-independent  solutions  cease  to  exist,  for  genera 
values  of  magnetic  field.  The  discontinuity  in  JcL  ai  B  =  Br  reflects  a  different  state  o 
the  solutions,  a  fact  observed  by  Pollack  [8],  interpreted  as  the  limiting  current  ^J,  and 
reaffirmed  by  the  particle  simulations  of  Verboncoeur  and  Birdsall  [7].  For  the  case  B  >  Br, 
it  may  be  shown  that  as  J  Jr,  the  maximum  electron  excursion  in  x,  xr,  is  simply  the 
Brillouin  hub  height  [3],  D[l  -  ^1  -  (Sh/H)^  ],  which  is  always  less  than  I)(5h/B)2,  the 
latter  being  the  maximum  electron  excursion  when  the  space  charge  is  negligible. 

One  interesting  result  of  this  study  concerns  the  case  of  zero  emission  velocity  of  the 
electrons.  Below  the  Hull  cufoff,  B  <  Br,  the  steady  state  solution  which  yields  the  max¬ 
imum  perfectly  transmitted  current  density  in  the  case  of  uo  =  0  is  space-charge-limited, 
that  is,  the  emitted  electrons  are  initially  at  rest  and  non-accelerated.  This,  of  course,  irn- 
plies  that  the  cathode  surface  electric  field,  Ec,  is  zero.  One  might  be  tempted  to  apply 
the  same  condition  to  the  case  of  uo  =  0  for  B  >  Br  as  well;  however,  it  is  apparent  from 
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Figure  2:  A  comparison  between  the  analytic  theory  (the  solid  curves)  and  particle  simulation 
(the  open  diamonds,  which  denote  quiescent  cases,  and  the  solid  diamonds,  which  denote  turbulent 
cases). 
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Figure  3:  The  critical  current  density  (in  units  of  the  Child-Langmuir  value  for  uq  =  0)  above 
which  steady  state  solutions  cease  to  exit,  as  a  function  of  the  magnetic  field  B  (in  units  of  the  Hull 
cutoff  value  with  uq  =  0),  for  electrons  emitted  with  velocity  corresponding  to  1/2  eV.  The  points 
marked  CO,  C1,...,C8  indicate  the  cases  simulated. 

the  solution  of  Eqs.  (4)  and  (5),  that  this  is  not  necessarily  true.  Indeed,  the  maximum 
emitted  steady-state  current  density  for  B  >  Bh,  and  uq  =  0,  is  not  achieved  under  the 
space-charge-limited  condition.  In  fact,  for  most  of  the  parameters  used  in  this  study  for  the 
particle  simulations,  the  space  charge  limited  regime  cannot  be  reached. 

For  low  emission  velocity  and  an  applied  magnetic  field  of  less  than  three  times  the  Hull 
cutoff  value,  cathode  surface  electric  field  for  a  non-turbulent  electron  sheath  will  always  be 
in  the  direction  such  that  the  electrons  are  accelerated  away  from  the  cathode  upon  emission. 
Thus,  the  crossed  field  gap  cannot  tolerate  enough  space  charge  (i.  e.,  a  large  enough  electron 
density)  to  shield  the  cathode  from  the  externally  applied  voltage.  This  analytic  result  is 
verified  by  particle  simulation.  The  good  agreement  between  particle  simulation  and  analytic 
theory  is  seen  in  Figures  2(a),(b),(c). 


Ill  Computer  Simulation 

We  have  extensively  studied  the  regime  B  >  Bh  using  a  particle-in-  cell  (PIC)  code,  Plasma 
Device  Planar  1-Dimensional  (PDPl)  [2],  especially  as  the  injected  current  is  increased  (case 
C0,...C8  in  Figure  3)  for  a  set  magnetic  field  strength.  In  the  simulations.  Figs.  4-6,  the 
cathode  was  held  at  V:  =  -12000  V,  while  the  anode  was  grounded,  thus,  V  =  12000  V, 
we  fixed  D  =  0.00216  m,  and  B  =  0.27  T,  yielding  Bh  =  0.171  T  and  BIBh  =  1-579.  We 
assume  a  cathode  area  A  =  0.001492  thus,  Jc  —  2.1  x  10®  Ajm  ,  and  Ic  313  A.  The 
electrons  were  injected  as  a  cold  beam  normal  to  the  cathode  with,  unless  otherwise  stated. 
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Figure  4:  The  potential  at  the  midpoint  of  the  crossed- field  gap,  cathode  surface 

charge  density,  Cc,  as  functions  of  time,  for  cases  C2  (///c  ~  0.95),  and  C3  (///c  ~  1.10). 

injection  energy  of  1/2  eV.  (In  order  to  study  the  effects  of  injection  energy  [9],  and  to  better 
resolve  the  micro-sheath  on  the  cathode,  higher  values  of  10  eV,  50  eV,  and  200  eV  were 
also  examined.) 

The  transition  from  laminar  to  turbulent  behavior  is  clearly  shown  from  the  simulations 
just  below  transition,  case  C2  (/  =  JA  =  298amps),  and  just  above  transition,  case  C3 
(/  =  JA  =  343amps).  For  case  C2,  the  potential  midway  between  the  anode-cathode  gap, 
^mid(^)’  cathode  surface  charge  density,  crc{t),  remain  asymptotically  constant  [Fig. 

4(a)],  whereas  those  for  case  C3  break  into  oscillations  for  time  t  >  4  ns.  The  phase-space 
plot  and  density  profile  for  case  C2  [Figs.  5(a), and  5(b)]  are  dictated  by  regular  single 
particle  motion.  The  trajectory  of  one  electron  is  repeated  by  all  others,  and  this  property 
is  shared  by  low  injection  current  cases,  CO  and  Cl  in  Fig.  3.  The  corresponding  figures  for 
case  C3  show  turbulent  behavior  [Fig.  5(c),  (d)].  Note  from  Fig.  4(b)  that  at  the  onset  of 
turbulence,  t  4  ns,  the  surface  charge  density  on  the  cathode  becomes  positive,  indicating 
that  a  potential  minimum  exists  in  front  of  the  cathode.  Thus,  a  micro-sheath  is  formed  for 
case  C3.  This  characteristic  is  shared  by  all  cases  above  transition  —  C4,  C5,...C8  in  Fig. 
3.  Fig.  6  shows  the  frequencies  of  oscillation  of  the  micro-sheath  on  the  cathode  surface, 
i.e.  the  frequencies  of  oscillation  in  cTc,  and  the  frequencies  of  oscillation  of  ^j^id’  ^ 
functions  of  the  injected  current,  for  two  values  of  electron  injection  energy  1/2  eV  and 
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Figure  5:  The  phase-space  plot,  and  the  electron  density  distribution,  n(x),  for  cases  C2  {I/h 
0.95),  and  C3  (///c  »  1.10). 


Figure  6:  The  frequencies  of  oscillation  of  the  cathode  surface  charge  density,  cTc,  O-e.  of  the 
micro-sheath  on  the  cathode  surface),  and  of  the  mid  potential,  <^Tnid  ^  ^  functions  of  the  injected 
current,  I  =  Jjjjj.  Two  injection  energies  (1/2  and  50  eV)  are  shown. 
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50  eV.  Note  from  Fig.  6  that  transition  does  occur  when  I  >  Ic- 

The  above  results,  together  with  our  extensive  numerical  simulations  show  the  following 
behavior.  (1)  For  I  <  Ic,  laminar  flows  do  exist.  In  fact,  the  phase  space  trajectory  shown 
in  figure  4(a)  is  highly  regular  -  the  trajectory  of  one  electron  is  repeated  by  all  others.  Its 
shape  is  very  similar  to  that  of  a  single  electron  in  the  vacuum  gap.  (2)  There  is  qualitative 
change  when  I  exceeds  Ic  by  a  few  percent  (the  exact  amount  is  not  narrowed  down  in  the 
simulations).  The  phase  space  is  randomized  and  the  x-component  of  the  particle  velocity 
is  substantially  reduced  as  seen  in  Fig.  5(c)-  The  space  charge  density  within  the  hub 
[Fig.  5(d)]  is  almost  flattened,  extending  from  the  cathode  to  roughly  the  Brillouin  height. 

(3)  The  surface  charge  on  the  cathode  [Fig.4(b)]  is  positive,  i.e.,  a  potential  minimum  is 
always  formed  in  front  of  the  cathode  when  turbulent  behaviors  emerge  from  the  numerical 
simulation.  The  depth  of  this  potential  minimum  is  on  the  order  of  the  injection  energy  that 
is  given  to  the  electrons  in  the  code.  Thus,  a  micro-sheath  is  always  formed  right  in  front  of 
the  cathode  for  low  injection  velocity  when  the  injected  current  exceeds  some  critical  value. 

(4)  This  micro-sheath  oscillates  at  a  frequency  that  varies  according  to  the  emitted  current 
and  to  the  emission  velocity  (Fig.  6).  (5)  No  electrons  reach  the  anode  in  any  of  our  runs  for 
B  =  1.5795h-  In  fact,  no  electron  reach  the  midpoint,  x  =  Z)/2,  in  the  gap.  Because  this 
problem  is  one  dimensional,  there  is  no  variation  in  the  fields  in  any  direction  parallel  to  the 
cathode  surface.  This  means  that  diocotron  or  slipping  stream  instabilities  are  inherently 
nonexistent  in  this  study.  Thus,  these  findings  do  not  contradict  experimental  results  such 
as  those  discussed  in  the  paper  by  T.  J.  Orzechowski  and  G.  Bekefi  [10].  (6)  The  potential  at 
this  midpoint  oscillates  at  a  frequency  that  is  quite  independent  of  the  injected  current  and 
initial  energy  of  the  electron  as  can  be  seen  in  Fig.  6.  Neither  the  micro-sheath  oscillation 
frequency,  nor  the  oscillation  frequency  in  the  mid  potential  corresponds  to  the  cyclotron 
frequency,  the  plasma  frequency,  nor  to  the  upper  hybrid  frequency.  The  physical  origin  of 
the  oscillations  are  yet  to  be  explained. 


IV  Conclusion 

In  summary,  we  find  that  a  necessary  condition  for  quiescent  behavior  in  a  cross-field  gap 
is  that  the  injection  current  must  be  below  the  analytically  obtained  critical  current,  Jc- 
This  current  is  obtained  by  simultaneously  solving  Eqs.  (4)  and  (5)  for  B  >  Bu^  and  was 
confirmed  by  particle  simulation. 
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THE  FUTURE  OUTLOOK  FOR  CROSSED-FffiLD  DEVICES 

William  C.  Brown 

Microwave  Power  Transmission  Systems 

The  term  “crossed-field  devices”  covers  a  broad  category  of  devices,  but  I  will  confine  my 
remarks  to  the  applications  and  the  future  of  crossed-field  microwave  tubes. 

Crossed-field  microwave  tubes  have  already  found  broad  application  in  radar,  in  industrial 
microwave  processing  and  in  the  home  in  the  form  of  the  ubiquitous  microwave  oven. 
More  recently  they  have  found  application  in  the  generation  of  plasmas  for  precision 
etching  and  in  new  highly  efficient  electric  lighting. 

The  pulsed  magnetron  was  the  heart  of  microwave  radar  developed  during  World  War  11. 
It  was  efficient,  simple  to  fabricate,  and  produced  high  peak  power  in  tubes  designed  from 
500  MHz  to  35  Hz.  In  the  post  war  period  the  crossed-field  device,  in  the  form  of  the 
crossed  field  amplifier  or  CFA,  found  broad  application  because  of  its  high  efficiency  and 
phase  linearity  over  a  broad  range  of  frequency.  The  CFA  also  eliminated  the  magnetron 
deficiency  of  operating  in  two  distinctive  but  generally  unpredictable  modes  of  operation, 
one  noisy  and  one  relatively  noise  free. 

In  industrial  microwave  processing  the  magnetron  has  found  wide  application  because  of 
its  high  efficiency,  relatively  low  cost,  and  because  it  is  not  required  to  operate  at  a 
carefully  controlled  frequency.  Most  of  the  applications  are  at  a  frequency  of  915  MHz 
where  there  is  a  magnetron  available  that  has  an  operational  efficiency  of  close  to  90%  and 
a  power  output  ranging  from  10  to  50  kilowatts. 

As  we  look  toward  the  longer  range  future,  there  is  an  application  which  involves  a 
beaming  of  electric  power  in  the  form  of  microwaves  to  and  from  space  and  within  space. 
One  of  the  applications  which  is  closely  associated  with  a  growing  need  for  an 
environmentally  acceptable  source  of  energy  is  the  Solar  Power  Satellite  concept.  In  this 
concept  energy  is  captured  continuously  from  the  sun  in  geosynchronous  orbit  and 
transported  to  Earth  by  means  of  a  microwave  beam. 

The  requirements  placed  on  the  microwave  generator  in  one  of  the  radiating  modules  in 
the  electronically  steerable  phased  array  in  space  are  very  demanding  in  terms  of  low 
noise,  high  efficiency,  low  ratio  of  mass  to  power  output,  high  gain,  phase  locking  to  the 
guidance  system,  and  life  measured  in  decades.  In  addition,  the  tube  must  adapt  itself  to 
changing  output  conditions  of  voltage  and  current  from  the  photovoltaic  solar  array,  and  it 
must  radiate  its  heat  directly  into  space. 

The  device  that  is  ideally  suited  to  this  application  is  a  magnetron  rated  at  about  4 
kilowatts  of  power  output.  If  the  magnetron  is  85%  to  90%  efficient  it  can  radiate  the 
heat  generated  by  the  small  inefficiency  directly  into  space  with  a  low  mass  radiating  fin 
composed  of  pyrolytic  graphite  whose  heat  conductivity  is  three  times  that  of  copper, 
whose  density  is  one  third  that  of  copper,  and  whose  radiation  coefficient  is  close  to  that 
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of  a  black  body.  Further,  if  it  is  equipped  with  a  buck  boost  coil  to  increase  or  decrease  its 
magnetic  field  it  can  adapt  itself  to  a  wide  range  of  operating  conditions  of  the  solar 
photovoltaic  array  without  any  need  for  additional  power  conditioning.  The  magnetron  in 
this  application  is  converted  into  a  high  gain,  phase  locked  amplifier  by  operating  it  with 
another  identical  magnetron  in  a  hybrid  or  magic  T  arrangement. 

The  design  of  the  tube  for  the  space  application  is  based  upon  the  design  and  performance 
of  the  ordinary  microwave  oven  magnetron.  The  ordinary  microwave  oven  magnetron 
was  introduced  into  the  SPS  application  by  a  proposed  experiment  of  JPL  to  use  the  tube, 
because  of  its  low  cost,  in  a  demonstration  of  an  electronically  steerable  phased  array  at 
the  Goldstone  facility  of  JPL.  Although  this  experiment  did  not  materialize,  the 
magnetron  was  thoroughly  studied  for  the  SPS  application  by  a  contract  from  NASA  to 
the  Raytheon  Company.  It  was  determined  during  this  study  that  the  microwave  oven 
magnetron  had  a  very  low  noise  level  and  that  this  desirable  state,  along  with  long  life, 
depended  upon  the  preference  of  the  tube  to  run  in  a  mode  associated  with  a  temperature 
limited  emission  condition  of  the  cathode. 

Although  there  is  ample  experimental  evidence  that  the  microwave  oven  tube  prefers  to 
operate  in  this  temperature  limited  emission  condition  of  the  cathode  under  a  very  wide 
range  of  operating  conditions,  there  is  no  explanation  at  the  present  time  as  to  why  the 
tube  prefers  to  operate  in  this  manner.  It  is  therefore  desirable  to  have  a  theoretical 
explanation  for  this  behavior,  and  one  that  is  backed  up  by  computer  simulation. 

A  near  term  application  of  the  microwave  oven  magnetron  in  wireless  power  transmission 
is  that  of  supplying  power  to  an  aircraft  operating  at  a  high  altitude  for  communication 
and  surveillance  purposes.  For  this  application  in  an  electronically  steerable  phased  array, 
the  microwave  oven  magnetron  can  be  used  as  it  is  without  scaling  or  modification.  This 
magnetron  can  also  be  used  without  modification  for  beaming  power  into  space  to  supply 
power  for  the  electric  propulsion  on  board  inter-orbital  space  vehicles  carrying  material 
from  low-Earth  orbit  to  higher  orbits,  including  orbits  at  geosynchronous  distance. 

For  future  effort  on  crossed  field  microwave  tubes,  I  believe  that  the  first  priority  effort 
should  be  to  find  an  explanation  for  the  desire  of  the  microwave  oven  magnetron  to 
operate  in  a  highly  desirable  mode  associated  with  a  temperature  limited  emission 
condition  of  the  cathode.  An  effort  to  further  increase  the  efficiency  of  the  microwave 
oven  magnetron  and  related  magnetrons  and  CFAs  is  also  important.  To  my  knowledge, 
there  has  never  been  a  concerted  program  to  do  this.  In  my  opinion  the  microwave  oven 
magnetron  should  be  operating  at  an  efficiency  of  close  to  80%  rather  than  at  a  high  of 
70%.  An  effort  should  be  expended  in  designing  it  for  operation  at  a  higher  magnetic  field 
which  should  provide  it  with  an  additional  7  to  10%  efficiency.  The  important  need  for 
this  is  in  wireless  power  transmission  applications  in  the  2.45  Hz  frequency  region, 
particularly  in  space,  but  a  more  efficient  tube  would  be  useful  for  the  current  industrial 
and  home  applications  of  the  crossed-field  microwave  tube. 
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A  Proposed  Two-Port,  Unidirectional 
Magnetron  Amplifier 

George  K.  Famey 
82  Herrick  Road 
Boxford,  Massachusetts  01921 
(508)  887-6029 
Fax:  (508)  887-5843 

ABSTRACT 

A  brief  description  of  contemporary  techniques  for  signal  injection  into  a  magnetron 
is  given.  A  two-port,  unidirectionM  magnetron  amplifier  with  higher  gain  and  wider 
bandwidth  is  desirable.  The  need  for  special  properties  for  a  second  port  to  achieve 
these  goals  is  explained.  An  unsuccessful  attempt  at  providing  a  second  port  for 
providing  signal  injection  from  a  cathode  structure  is  described.  A  new  type  of 
second  port  to  be  added  to  a  rising  sun  anode  is  described.  (U.S.  Patent  Number 
5,084,651)  Reasons  why  it  is  expected  to  have  directional  transmission  properties 
are  explained.  The  new  concept  has  not  been  fully  evaluated  at  cold  test  or  in  an 
operating  tube.  Further  investigations  are  required  to  demonstrate  the  feasibility  of 
achieving  a  new  type  of  amplifier  with  improved  properties. 


There  is  continued  interest  in  the  use  of  injection  locked  magnetrons  for  generation  of  coherent 
microwave  power  sources.  This  was  illustrated  by  comments  of  several  of  the  speakers  at  this 
meeting.  The  basic  concept  of  the  injection  locked  magnetron  dates  back  more  than  forty  years.  A 
single  port  magnetron  is  used  typically  with  an  attached  three  or  four  port  microwave  circulator. 
The  circulator  permits  an  appropriate  input  signal  to  be  injected  into  the  magnetron  while  providing 
the  necessary  isolation  for  the  input  signal  source  from  the  magnetron  output  power  or  from  any 
reflected  signals  from  the  intended  load. 

Two  approaches  to  signal  injection  are  used.  One  is  called  injection  locking,  and  the  other  is 
called  injection  priming.  With  injection  locking,  both  the  phase  and  frequency  of  the  magnetron 
are  essentially  slaved  to  the  injected  signal  throughout  the  magnetron  pulse.  The  input  signal  can 
pull  the  oscillator  frequency  from  its  natural,  free  rurming  frequency  by  an  amount  that  depends  on 
the  external  Qe  of  the  magnetron  (hence  controlling  the  attainable  bandwidth)  and  by  the  magnimde 
of  the  input  signal  level  (hence  controlling  the  attainable  gain).  For  injection  locking  the  device 
operates  much  like  a  true  amplifier  but  with  limited  capabilities.  Gain  is  usually  limited  to  12-15 
dB  and  bandwidth  to  1-2  percent. 

For  injection  priming,  a  much  lower  input  signal  level  can  be  used  whose  only  purpose  is  to 
control  the  starting  phase  of  the  magnetron  pulse.  After  the  tube  is  fully  operational,  the  input 
signal  can  be  removed  because  it  will  have  no  further  effect  on  the  magnetron  performance.  The 
magnetron  will  operate  at  its  normal  resonant  frequency.  The  priming  signal  is  sometimes  more 
effective  if  it  is  actually  below  the  free  running  frequency  of  the  magnetron  by  some  relatively 
small  amount.  However,  the  effect  of  the  priming  signal  is  to  give  an  oscillator  pulse  with  a  much 
cleaner,  pulse-to-pulse  spectrum.  The  spectral  quality  will  depend  also  upon  the  stability  of  the 
magnetron  and  upon  the  pulse  modulator  used  for  the  tube.  Injection  priming  is  a  very  narrow 
band  effect,  but  priming  gains  of  30-40  dB  or  more  have  been  obtained. 

Injection  priming  of  a  coaxial  magnetron  is  especially  useful  to  obtain  a  stable  oscillator.  The 
TEoii  stabilizing  cavity  of  the  magnetron  leads  to  a  very  stable  oscillator  once  it  has  been  fully 
started.  When  operated  from  a  reliably  stable  modulator,  successive  pulses  look  very  much  alike. 
However,  these  tubes  often  exhibit  more  starting  jitter  than  some  conventional  magnetrons,  but 


334 


they  are  very  amenable  to  injection  priming  to  control  leading  edge  jitter. 

This  feature  was  illustrated  quite  dramatically  some  years  ago.  Some  interesting  experiments 
were  reported  in  private  communications  by  Tom  Schultz  of  the  former  Raytheon  Microwave 
Power  Tube  Division  in  Waltham,  Massachusetts.  They  had  observed  in  some  experiments  that 
the  leading  edge  jitter  of  a  coaxial  magnetron  could  be  reduced  significantly  by  irradiating  the  high 
voltage  bushing  of  the  cathode  support  using  a  low  level  signal  from  a  microwave  horn.  There 
were  no  other  physical  connections  to  the  tube.  This  is  clearly  a  form  of  injection  phase  priming. 

The  concept  of  injection  priming  of  a  coaxial  magnetron  with  an  attached  circulator  for  a  radar 
transmitter  was  developed  into  a  marketable  system  called  MAPS  (Magnetron  Phase  Stabilization) 
by  the  Varian  Beverly  Microwave  Division.  It  was  deployed  in  several  systems. 

Injection  priming  and  narrow  band  injection  locking  of  magnetrons  have  found  relatively  few 
applications.  These  vary  from  phase  locked  oscillators  for  linear  accelerators  to  proposed  giant 
phased  arrays  of  magnetrons  located  on  synchronous  space  satellites.  These  would  be  used  to 
convert  solar  energy  into  microwave  power  to  be  beamed  back  to  the  earth's  surface  as  a  source  of 
renewable  energy.  Other  applications  involve  multiple  tubes  phase  locked  together  for  supplying 
power  for  industrial  microwave  heating  and/or  processing  stations.  All  of  these  are  essentially 
single  frequency  applications.  But  much  interest  exists  in  the  possible  use  of  injection  locked 
magnetrons  with  more  gain  and  wider  bandwidth  for  more  exotic  amplifier  operation.  There  is 
interest  in  chains  of  injection  locked  magnetron  amplifiers  to  compete  with  other  tube  types  because 
of  the  advantages  of  lower  cost,  smaller  size,  lower  weight  and  lower  voltage  requirements  for 
operation. 

There  is  a  fundamental  limitation  to  the  current  approach  to  injection  locked  magnetrons  and 
circulator  concept.  Using  the  same  output  port  for  both  signal  injection  and  for  removing  power 
from  the  tube  does  not  permit  increasing  gain  and  bandwidth  simultaneously.  To  increase 
bandwidth  means  reducing  the  external  Qe  to  lower  the  loaded  Ql  of  the  tube.  This  means  that  the 
magnetron  resonator  system  is  further  overcoupled  thereby  increasing  the  mismatch  loss  for  signal 
injection;  i.e.,  more  of  the  input  signal  is  reflected  from  the  tube  output  port  back  into  the  load.  A 
reduced  signal  is  coupled  into  the  anode  for  the  electron  motions  within  the  tube.  For  a  two 
percent  operating  bandwidth,  the  magnetron  should  have  a  loaded  Ql  of  50  or  less.  The  magnitude 
of  the  mismatch  loss  will  depend  upon  the  relative  values  of  the  internal  Qo  and  the  external  Qe  that 
lead  to  a  loaded  Ql  of  50. 

Ideally,  the  magnetron  should  have  two  ports  with  one  optimized  (heavily  overcoupled)  to 
obtain  the  necessary  output  bandwidth  and  the  second  optimized  (critically  coupled  or  matched)  to 
obtain  maYimum  input  power  to  the  tube  over  the  required  operating  bandwidth.  It  is  not  possible 
to  just  add  another  port  similar  to  the  normal  output  port  but  with  different  coupling  factors.  The 
principal  of  reciprocity  will  dictate  that  power  will  couple  out  both  ports  from  the  operating  pi 
mode  in  amounts  proportional  to  the  coupling  factors.  Unidirectional  amplification  will  not  be 
obtained.  Alternative  configurations  are  needed.  One  approach  that  was  investigated  was  derived 
from  crossed-field  amplifier  experience. 

Cold  cathode  crossed-field  amplifiers  have  been  fabricated  with  slow  wave  circuits  on  the 
cathode.  The  intended  purpose  was  to  provide  increased  gain  by  controlling  the  formation  of 
electron  spokes  closer  to  the  space  charge  source  in  the  circulating  hub  of  electrons.  It  was  also 
thought  that  this  approach  would  lead  to  better  noise  performance.  An  input  signal  was  applied  to 
one  end  of  the  cathode  circuit  while  the  other  end  of  the  cathode  circuit  was  terminated  in  an 
absorptive  load.  DC  isolation  from  the  cathode  voltage  was  used  to  protect  the  input  signd  source 
at  ground  potential.  The  low  power  end  of  the  anode  circuit  was  terminated  in  an  absorptive  load, 
and  the  high  power  output  end  of  the  circuit  was  connected  to  the  output  port  of  the  tube.  The 
electron  spokes  formed  by  the  cathode  circuit  induce  currents  on  the  anode  of  the  same  frequency 
as  the  input  signal.  The  cathode  driven  amplifier  concept  was  investigated  at  the  Raytheon  Power 
Tube  Division  in  Waltham,  Massachusetts;  at  the  Varian,  Beverly  Microwave  Division  in  Beverly, 
Massachusetts;  and  at  Litton  Electron  Device  Division  in  Williamsport,  Pennsylvania.  These 
investigations  occurred  primarily  in  the  late  1980's  and  early  1990's.  The  attainable  gain  was 
improved  to  25-30  dB  in  some  cases.  There  was  no  reliably  significant  improvement  in  noise 
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performance,  and  the  concept  was  abandoned  in  favor  of  other  approaches. 

The  concept  of  a  circuit  on  the  cathode  to  yield  a  two-port  device  was  also  applied  to  a 
magnetron  at  Varian  BMD.  The  intent  was  to  use  the  unidirectional  flow  of  electrons  from  the 
cathode  to  anode  to  provide  the  signal  isolation  between  ports.  But  the  problem  is  more  complex 
in  a  magnetron  than  in  a  CFA.  In  magnetrons  the  cathode  must  be  heated  to  supply  both  primary 
and  secondary  electron  emission  for  start  of  operation.  This  makes  it  very  difficult  to  devise  a 
suitable  cathode  slow  wave  circuit  that  can  be  heated  and  will  match  the  anode  circuit  propagation 
characteristics.  As  an  alternative,  a  cathode  geometry  was  used  with  multiple  radial  probes 
extending  from  the  cathode  to  couple  a  signal  into  the  interaction  space.  A  dc  block  was  used  to 
isolate  the  cathode  voltage  from  the  input  signal  source.  However,  this  arrangement  was  reported 
to  not  be  very  effective  in  controlling  both  phase  and  frequency  for  signal  injection  locking.  This 
possibly  results  from  the  radial  probes  not  being  able  to  control  the  space  charge  in  the  same  way 
as  the  cathode  circuit  in  the  CFA.  Also  the  reentrant,  resonated  anode  of  the  magnetron  with 
strong  modes  may  be  more  dominant  in  controlling  electron  motion  independent  of  the  cathode 
than  the  broad  band,  matched,  anode  circuit  of  the  cathode  driven  CFA.  It  seems  more  likely  that 
two  suitably  isolated  ports  must  be  attached  directly  to  the  magnetron  anode  to  get  proper 
operation. 

An  alternative  approach  using  two  ports  attached  to  the  anode  has  been  proposed  by  this 
author,  but  has  not  been  fully  evaluated  at  cold  test  or  in  an  operating  tube  (U.S.  Patent  Number 
5,084,651).  The  whole  concept  is  involved  and  only  a  brief  description  of  the  coupling  ports 
configurations  will  be  given  here.  Hopefully  it  will  encourage  others  to  give  some  thought  to  how 
this  problem  can  be  solved. 

The  proposed  approach  uses  a  rising  sun  anode  with  a  conventional  port  for  the  output  and  a 
second  port  with  a  special  input  network  attached  to  the  magnetron  anode.  The  network  is 
intended  to  function  in  one  way  when  coupling  a  signal  into  the  rising  sun  anode  and  function  in  a 
different  way  in  response  to  the  magnetron  anode  while  generating  pi  mode  power.  This  is 
accomphshed  using  a  two  conductor  input  connection  with  attachments  on  the  anode  at  positions  of 
equal  magnitude  and  phase  when  oscillating  in  the  pi  mode.  The  geometry  is  called  a  Direction 
Oriented  Coupling  (DOC)  network.  This  is  to  distinguish  it  from  being  a  nonreciprocal  network  - 
which  it  is  not.  When  an  input  signal  is  applied  to  the  anode  through  the  DOC  network,  the  two 
conductors  operate  in  a  plus-minus  polarity  mode  like  a  coaxial  line  and  drive  the  reentrant  anode 
as  a  load  composed  of  two  sections  in  parallel.  The  manner  in  which  this  is  proposed  to  provide  a 
useful  control  of  the  circulating  electron  current  flow  in  the  magnetron  is  beyond  the  scope  of  this 
present  discussion  which  is  concerned  only  with  describing  the  differential  operation  of  the 
coupling  concept.  When  the  anode  is  generating  power  in  the  pi  mode,  the  two  wires  attached  to 
the  anode  are  driven  in  the  reverse  direction  by  voltages  of  equal  magnitude  and  phase  so  that  a 
plus-plus  mode  excitation  is  excited.  The  remainder  of  the  DOC  network  is  configured  so  that 
such  a  mode  is  prevented  from  coupling  back  out  to  the  input  signal  source.  Hence,  it  is  postulated 
that  the  second  port  can  be  configured  to  couple  a  useful  input  signal  into  the  magnetron  anode 
driving  it  in  a  non  pi  mode  configuration  while  preventing  internally  generated  power  in  a  pi  mode 
on  the  anode  from  coupling  out  in  a  reverse  direction  through  the  same  input  port.  This  is  not  a 
violation  of  the  principle  of  reciprocity  which  applies  only  to  networks  with  input  ports  that  are 
capable  of  only  one  mode  of  transmission.  Two  modes  of  transmission  are  involved  here. 

It  is  anticipated  that  the  couphng  into  the  rising  sun  anode  for  an  input  signal  through  the  DOC 
network  can  be  made  to  present  a  matched  load  without  reflection.  The  second,  normal  output  port 
on  the  anode  can  be  optimized  independently  from  the  first  to  provide  sufficient  loading  to  get 
whatever  bandwidth  is  desired.  Because  of  the  principle  of  superposition,  both  the  input  signal 
field  pattern  on  the  anode  and  the  oscillating  pi  mode  can  exist  simultaneously.  Hence,  frequency 
controlled  operation  throughout  the  pulse  over  some  useful  bandwidth  is  anticipated.  Higher  gain 
is  achieved  by  the  elimination  of  the  mismatch  loss. 

It  is  not  known  whether  this  new  concept  will  function  entirely  as  postulated.  It  has  not  been 
fully  evaluated.  Perhaps  it  won  t  be  entirely  successful.  But  if  it  doesn't  maybe  these  thoughts 
will  inspire  somebody  else  to  think  of  another  way  that  will  lead  to  an  optimized,  two-port, 
unidirectional,  magnetron  amplifier. 


336 


Crossed-Field  Research  in  Universities 


Y.  Y.  Lau 

Department  of  Nuclear  Engineering  and  Radiological  Sciences,  and 
Applied  Physics  Program 
University  of  Michigan 
Ann  Arbor,  MI  48109-2104 

Tel:  (313)764-5122  FAX:  (313)763-4540  email:  yylau@engin.umich.edu 


The  important  functions  of  a  university  include  generating  new 
knowledge,  preserving  old  knowledge,  and  helping  students  learn  their  own 
ways  of  looldng  into  a  problem.  The  natural  questions  are:  How  does  crossed- 
field  device  (CFD)  research  fit  in  a  university  setting  and  how  can  such  research 
be  coordinated  with  and  have  an  impact  on  industrial  R&D  activities? 

First  recall  that  a  collection  of  charged  particles  in  an  external  magnetic 
field  will  invariably  experience  a  crossed  electric  and  magnetic  field  in  some 
region.  Even  in  the  case  of  a  neutral  plasma,  that  region  is  at  the  boundary, 
where  the  sheath  is  formed.  Yet,  in  spite  of  such  generality,  it  has  always  been  a 
challenge  in  the  academic  community  to  conduct  research  on  electron  dynamics 
in  a  crossed-field  in  general  and  on  a  specific  CFD  in  particular. 

It  seems  to  me  that  it  is  relatively  easy  to  generate  new  knowledge  when 
one  works  on  CFD.  The  main  reason  is  that  the  subject  matter  is  rich  in 
imexplained  phenomena  while  the  research  commimity  is  sparsely  populated. 
The  subject  is  known  to  be  difficult  [1].  There  are  lots  of  things  that  we  do  not 
comprehend  even  at  the  fundamental  level.  For  example,  though  crossed-field 
devices  are  generally  much  noisier  than  linear  beam  tubes,  the  basic  mechanisms 
responsible  for  noise  generation  remain  obscure,  more  than  70  years  after  the 
invention  of  the  first  (Hull)  magnetron.  Basic  research,  in  which  universities 
excel,  may  finally  provide  the  clues  needed  to  make  real  progress  in  this  area. 

One  relevant  and  fundamental  example  is  provided  by  the  startlmg 
discovery  made  recently  by  my  student,  Peggy  Christenson,  that  cycloidal 
electron  flows  in  a  crossed-field  gap  are  violently  unstable  when  a  very  small  AC 
voltage  is  imposed  across  the  gap  (which  is  planar  and  does  not  have  any  circuit 
element)  [2].  This  astoxmdmg  result  was  discovered  after  this  CFD  Worfehop 
was  convened.  Even  more  recently,  upon  the  suggestions  of  Dave  Chemin, 
Christenson  foimd  that  a  small  resistive  load  would  destabilize  such  cycloidal 
flows  even  in  the  absence  of  an  rf  signal,  and  this  work  is  still  ongoing  [3].  The 
above-mentioned  instabilities,  modulational  or  resistive,  are  electrostatic  and  one 
dimensional  —  so  they  are  the  most  fundamental.  They  have  never  been 
suspected  in  the  past  since  the  more  familiar  diocotron  and  magnetron 
instabilities  are  necessarily  two-dimensional  in  nature.  These  recent  discoveries 
are  likely  to  be  one  of  the  many  reasons  behind  Pierce's  statements  on  CFD  [1], 
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and  we  haven’t  even  gone  off  the  ground  to  venture  into  the  two  dimensional 
analog  of  these  new  instabilities. 

Another  reason  that  progress  can  now  be  made  more  readily  in  CFD 
studies  is  the  availability  of  a  number  of  very  powerful  particle  codes,  as  evident 
from  the  papers  given  in  this  Workshop.  This  is  a  distinct,  perhaps  decisive, 
advantage  we  now  have  which  was  absent  in  the  late  1950's  or  1960's.  What  is 
wanting  is  the  dedication  of  the  young  generation  to  learn  and  to  research,  with 
passion.  The  subject  is  difficult  but  it  is  also  fim  to  work  on. 

There  are  obstacles,  however.  Foremost  is  the  perception  and  the  general 
lack  of  interest.  The  challenge  is  particularly  acute  for  crossed-field  devices.  If  rf 
vacuum  electronic  devices  are  as  "endangered"  as  the  spotted  owl,  CFD  is  the 
most  vulnerable  among  all.  For  example,  the  most  notable  DoD  university 
programs,  MURI  and  ATRI,  have  only  a  minimal  effort  in  crossed-field  devices. 
The  research  activities  in  these  programs  have  been  mainly  on  linear  tubes  such 
as  TWT,  klystron,  free  electron  laser,  gyrotron,  cerenkov  radiatior,  virtual 
cathode  oscillator,  and  others.  Northeastern  University  (Professor  Chrmg  Chan’s 
group)  is  the  only  university  in  the  US  that  has  experiments  dedicated  to  CFD 
noise.  Likewise,  no  national  lab  or  government  lab  seems  to  have  a  significant 
component  in  crossed-field  research  either.  Given  such  a  "cultural"  bias,  it  is  very 
difficult  to  sustain  a  serious  effort  in  CFD  research,  or  for  long.  The  vicious  cycle 
-  lack  of  serious  interest  in  CFD  erodes  support  which  in  turn  results  in  further 
lack  of  interest  -  must  be  broken.  Given  the  fact  that  CFD’s  are  widely  used,  and 
that  there  are  many,  many  good  research  topics,  it  is  hard  for  me  to  accept  that 
CFD  works  will  disappear  in  a  Darwinian  fashion.  The  danger  is  real,  and  the 
precious  knowledge  base  may  soon  be  lost  forever. 

Another  issue  is  that  much  of  the  CFD  work  is  conducted  with  an  interest 
in  national  security.  In  many  universities,  in  particular  in  their  engineering 
schools,  many  students  who  are  technically  qualified  to  perform  research  are 
foreign  students.  Already  facing  many  challenges  being  foreign  students,  the  last 
thing  they  or  their  professors  want  is  to  work  on  a  project  that  provides 
additional  hurdle  (real  or  imagined)  just  because  of  their  citizenship  status. 

Finally,  I  should  add  that  jumping  into  a  subject  simply  because  it  is 
currently  fashionable  usually  is  a  kiss  of  death  for  a  researcher.  We  don’t  have 
this  problem  working  on  CFD. 

[1]  J.  R.  Pierce,  1994,  as  quoted  in  Saloom's  paper  on  p.  2  of  these  Proceedings, 

[2]  P.  J.  Christenson  and  Y.  Y.  Lau,  "A  New  Modulational  Instability  in  a  Crossed-Field  Gap",  to 
be  presented  at  the  IEEE  Int'l  Conference  on  Plasma  Sciences,  (Boston,  MA,  June,  1996); 
submitted  to  Phys.  Rev,  Lett, 

[3]  D.  Chemin,  P.  J,  Christenson,  and  Y.  Y.  Lau,  "A  New  Resistive  Instability  in  a  Crossed-Field 
Gap",  to  be  presented  at  the  IEEE  Inti  Conference  on  Plasma  Sciences,  (Boston,  MA,  June, 
1996). 
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Crossed-field  devices  have  enjoyed  longevity  and  growth  which  has  confounded  many  experts  in 
the  past  who  predicted  their  demise,  especially  because  of  their  “excess  noise”  feature.  This 
ubiquitous  phenomenon  in  akin  to  that  of  “multipactor”,  a  wide-spread  phenomenon  in 
microwave  tubes,  though  its  acknowledgment  is  avoided  in  the  same  fashion  that  people  are 
averse  to  admitting  the  presence  of  “fleas”  in  their  domiciles  [1].  A  half-century  after  the 
development  of  the  modem  magnetron,  the  crossed-field  devices  now  includes  the  CFA,  a  key 
element  in  military  radar,  as  well  as  beacon  magnetrons,  magnetrons  for  marine  radar,  diathermy 
and  most  importantly  the  “cooker  magnetron”,  the  heart  of  the  microwave  oven. 

My  recommendations  on  how  to  stimulate  growth  in  this  field  can  be  characterized  in  three  parts 
with  differing  overtones. 

Altruistic  View 

I  believe  that  the  cooker  magnetron  affords  modem  researchers  the  ideal  vehicle  for  assessing  the 
validity  and  usefulness  of  modem  compute  codes  now  being  developed  for  study  of  crossed-field 
interaction.  The  detailed  substantiation  of  my  position  is  in  the  paper  I  presented  at  this 
Workshop.  Here,  I’ll  stress  only  the  key  points.  The  cooker  magnetron  is  now  the  only  entity  that 
resembles  a  universal  standard  for  crossed-field  research.  It  is  inexpensive,  stable  in  design,  easily 
procured  world-wide,  and  exhibits  a  crisp  definitive  and  reproducible  pattern  of  noise,  spurious 
oscillation  and  quietness,  not  observed  in  any  other  crossed-field  tube. 

A  computer  code,  if  valid,  must  be  able  to  predict  these  features.  Beyond  that,  if  the  model  yields 
verifiable  predictions  of  the  influence  of  various  design  parameters,  then  it  will  accme  credence  as 
being  appropriate  for  use  in  the  more  complicated  CFA.  The  other  side  of  the  coin  is:  Can  a 
computer  code  be  valid  if  it  doesn’t  predict  the  crisp  features  found  in  the  cooker  tube? 

This  exercise,  if  carried  out,  will  not  only  help  the  military  but  will  also  help  the  microwave-oven 
industry  (a  “dual  use”)  to  find  ways  of  mitigating  the  excess  noise.  International  groups  (e.g. 
CISPR)  are  already  preparing  interim  specifications  on  out-of-band  noise  with  the  eventual  goal 
of  reducing  microwave-oven  noise  which  many  fear  threatens  the  many  emerging  “wireless” 
technologies  which  will  operate  in  the  1  to  3  GHz  microwave  region  (e.g.  PCS,  digital  audio, 
broadcast,  etc.). 
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The  ability  and  facility  for  large  quantity  manufacture  of  high-power  efficient  crossed-field  devices 
exists  only  for  one  application,  the  cooker  magnetron,  and  only  in  several  Far  East  countries, 
principally  Japan  and  Korea.  This  reality  points  to  a  significant  void  in  the  national  treasures  of  the 
U.S.  Long-range  planners  should  look  for  opportunities  to  establish  such  a  facility  in  the  U.S. 
with  potential  applications  to  future  military  applications  as  well  as  commercial  and  consumer 
applications. 

Proprietary  Advances 

I  believe  that  a  national  goal  should  be  the  development  of  more  low-cost  magnetrons  for 
different  frequencies  and  different  power  levels.  We  have  proposed  this  to  NIST  without  any 
response  or  comment.  We  believe  there  are  proprietary  novel  advances  yet  to  come  which  will 
eventually  stimulate  economic  forces  to  make  available  the  wider  supply  of  frequencies  and 
powers  at  low  cost. 

Predictions 

With  respect  to  predictions,  my  view  has  been  [2]  and  continues  to  be  that  there  are  many 
surprises  to  come.  The  history  of  this  field  exhibits  this  theme  very  well  [2]-especially  the  fact 
that  the  magnetron  survives  despite  expert  predictions  of  its  demise  in  the  50’s  and  60’s.  At  a 
recent  conference,  one  expert  predicted  that  in  10  years  the  microwave  oven  will  be  pretty  much 
the  same-with  no  significant  advances.  I  disagreed.  I  am  not  certain  of  which  changes  will  occur 
but  there  will  be  surprises! 

Where?  As  a  possible  hint,  consider  the  recent  report  [3]  of  the  development  of  a  600  Volt,  67% 
efficient  multi-beam  klystron  for  microwave-oven  application.  Why  was  not  this  breakthrough 
accomplished  in  the  U.S.?  Is  the  U.S.  no  longer  the  leader  in  tube  development,  but  just  users-a 
“service  economy”?  Will  there  be  a  future  in  microwave  weapons  (new  pulsed  sources), 
microwave  lighting  and  a  host  of  other  promising  applications?  Will  the  klystron,  TWT  or  solid- 
state  take  over  fi-om  the  maggie  because  of  the  noise  problem? 

Answers  to  these  questions  in  the  next  25  years  will  be  surprising.  We  in  IMPI  (e.g.  the  July  ‘96 
Microwave  Power  Symposium  in  Boston)  will  explore  some  of  these  questions  from  the  broader 
view  of  all  types  of  applications  and  devices.  In  fUture  Crossed-Field  Device  Workshops,  I  hope 
weTl  see  the  eventual  resolution  of  the  crossed-field  noise  dilemma-with  a  definitive  recognizable 
understanding  as  well  as  beneficial  spinoffs  fi’om  the  new  understanding. 
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